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(54) Title: SMALL VOLUME IN VJTHO ANALYIE SENSOR 
(57) Abstract 

A sensor designed to determine the amount and concen- 
tration of analyie in a sample having a vohimc of less than 
about 1 pL. The sensor has a working electrode coated with a 
non-lcachablc redox mediator. The redox mediator acts as an 
electron transfer agent between the analytc and the electiode. In 
addition, a second electron transfer agent, such as an enzyme. 
C3n be added to facihtatc the clectiooxidation <»- clcctroreduc- 
ticn of the analyte. The redox mediator is typically a redox 
cc»npound bound to a polymer. The preferred redox mediators 
arc airoxidizablc. The amount of analytc can be determined by 
coulometiy. One particular coulometric technique includes the 
measincmcnt of the cuncnt between the working electrode and a 
counter or reference electrode at two or more limes. The charge 
passed by this coircnt to or from the analyte is correlated with the 
amount of analyte in the sample. Other electrochemical detection 
methods, such as amperometric, voltammetric. and potentiomet- 
ric techniques, can also be used; The invention can be used to 
determine the concentration of a biomolecule, swh as ghicosc or 
lactate, in a biological fluid, such as Mood or senun. An enzyme 
capable of catalyzing the electrooxidation or electroieduction of 
ihe biomolecule is provided as a second electron transfer agent. 
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Small Volnnie in vitro Analyte Sensor 

Field of the Invention 

This invention relates to analytical sensors for the detection of 
5 bioanaljrtes in a small volume sample! . : - . 

Background of the Invention 

Analytical sensoi^ are useful in chemistry and mejfi^ 
the presence and concentration of a biological analyte. Such seaisors are needed, for 
example, to monitor glucose m diabetic patients and lactate during critical care 
10 events. 

. Currently available technology measures bioanalytes in relatively 
large sample volumes, e.g., generally requiring 3 microliters or more of blood or 
other biological fluid. These fluid samples are obtained from a patient, for example, 
iising a nebdle and syringe, or by lancing a portion of the skin such as the fingertip 

15 and "milking" the area to obtain a useful sample volume. These procedures are 
inconvenient for the patient, and often painful, particularly when frequent samples 
are required. Less painful methods for obtaining a sample are known such as 
lancing the arm or thigh, which have a lower nerve ending density. However, . 
lancing the body in the preferred regions typically produces submicroliter samples of 

20 blood, because these regions are not heavily supplied with near-surface capillary 
vessels. 

It would therefore be desirable and very usefid to develop a relatively 
painless, easy to use blood analyte sensor, (^able of p^^ 
sensitive analysis of the concentration of analytes in a small Volume of sample. 

25 Snmmary of the Invention 

The sensors of the present invention provide a method for the 
detection and quantification of an analyte in submicroliter samples. In genial, the 
invention includes a method and sensor for analysis of an analyte in a small volume 
of sample, preferably by coulometry. A biosensor of the invention utilizes a non- 
30 leachable redox mediator, preferably aii air>oxidizable redox mediator, and 
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preferably immobilized on a working electrode. The biosensor also inclndes a 
sample chamber to hold the sample in electrolytic contact wiA 
electrode. In a preferred embodiment, the working electrode feces a counter 
electrode, forming a measurement zohe within the sample chamber, between the two 
5 electrodes, that is sized to contain less than about 1 jiL of sample, preferably less 
than about 0.5 ^iL, more preferably less than about 0.2 jiL, and most preferably less 
than about 0.1 of sample. A sprbent material is optionally positioned in the 
. sample chamber and measurement zoiie to reduce the volume of sample needed to 
fiU the sample chamber and measurement zone. 
10 In onie embodiment of the inventibi^^^ 

combines the efficiency of coulometric electrochemical sensing with a non-leachable 
redox mediator to accurately and efficiently measute a bioanalyte in a submicrolitier 
volume of sample. The preferred sensor irlcludes! ah electrode, a hon-leachable 
redox mediator on the electrode, a sample chainber for holding the sample in ' 
1 5 • electrical contact with the electrode and, preferiably, sorlnwit inateH^i disposed wthin 
the sample chainber to reduce the volume of flie chamber. The sample chamber, 
together With aiiy sbrbent materiat is sized to provide for analyas of a siample 
volume that is typically less than about \ pL, preferably less th^ about 0.5 jiL, 
more preferably less than about 0.2 nL, amd most preferably less thisn about 0.1 )iL. 
20 One embodiment of the invention includes a niethod for determining 

the concentration of an analyte in a sample by, first, contacting the sainple with an 
electrochemical sensor and then determining the concentration of the analyte. The 
electrochemical sensor includes a facing electrode pair with a working electrode and 
a counter elecbx)de and a sample chamber, including a measurement zone, 
25 positioned between the two electrodes. The measurement zone is sized to contain 
less than about 1 \xL of sample. 

The invention also includes an electrochemical sensor with two or 
more facmg electrode pwrs. Each electrode pair has a working electrode, a coimter 
electrode, and a measurement zone between the two electrodes, the measurement 
30 zone being sized to hold less than about 1 \iL of sample. In addition, the sensor also 
includes non-leachable redox mediator on the working electrode of at least one of 
the electrode pairs. 
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One a$pect of the invention is a method of detemuning the 
concentration of an arialyte in a sample by contacting the sample with an 
electrochemical sensor and determining the concentration of the analyte by 
coulomctry. The electrbchenacal sensor includes an electrode 
5 electrode and a counter electrode: The sensor also includes a sample chamber fqr 
. holding a simple in electrolytic contact Within the 

sample chamber is sorbent material to reduce the volume ^ple needed to fill thb 
sample chamber so that tlie sample chamber is sized tp contaiii less than about 1 ^L 
of sample. - - 

*0 ' . . The invention also includes a sensor and a met^^ 

. determination of the concentration of an analyte in a sample having a volume of less 
thanabput l ^L. The sensor has a support and an air-oxidizay 
■ coated on the support. At least 90% of the air-oxidizable redox mediator is in an 
oxidized state prior to introduction of a sample. The method includes contacting the 

15 sample with the sensor and correlating the concentration of the analyte in the sample 
to a change in oxidation state of the redox mediator in the presence of the sample. 
The sensor and method of this aspect of the invention are directed to;but not lunited 
to, electrochemical and optical sensors. 

A further aspect of the invention is ah integrated sample a^ 

20 and analyte measurement device which includes a sample acquisition means for 

producing a patient sample as well as a sensor of the invention for measuring analyte 
m the sample. The device is used for iheasuring analyte in a patient sample by, first, 
contacting the patient with the device and then detennining the concaitration of the 
analyte, preferably by coulomefry. 

25 Another aspect ofthe mvention is a method for determining the 

concentration of an analyte in the sample with reduced error by contactmg the 
sample with an electrochemical sensor that includes a first and a second electrode 
pair. Each electrode pair has a working electrode and a sample chamber for holding 
the sample in electrolytic contact with the workmg elecfrode, the sample chamber 

30 bemg sized to contain less than about 1 of sample. The first electrode pair also 
has a non-leachable redox mediator and non-leachable enzyme on the working 
electrode. The second electrode pair has a non-leachable redox mediator in the 
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absence of enzyme on the working electrode. The method further includes the step 
of measuring substantially simultaneously, and at two or more times, a first current 
generated at the iirst electrode pair and a second current generated at the second 

electrode pair. The measured ifirst currents and second currents are indepeiidehtly 

■ 

5 integrated to give a first.charge and a second charge, respecti^ llie second 
charge is subtracted from the first charge to give a noise-reduced charge which is . 
then conrelated to the concentration of analyte in the sample. This method can be 
used to remove errors arising from interfereots or the mixed oxidation state of the 
redox mediator prior to introduction of the sample. 

10 Another method of the invention for the determination of the 

concentration of an analyte in a saniple includes the s^^ 
electrochemical sensor which has one or more facing electrode pairs, each pair 
haying a working and a coimter electrode and a measurement zone between the 
working aad counter electrodes, the measurement zones of the one or naore electrode 

IS pairs having approximately equal yolumes.of . less. than about 1 pJL. The sensor also 
includes redox mediator on the working electrode of ^t least one of the electrode 
pairs.; Jhe method^fuilher includes measuring a capacitance of one of the electrode • 
pairs and calculating the volume of the measurement zone of that electrode pair from 
the capacitance measurement. In addition, the seiisor is brought into contact with , 

20 the sample and the concentration of anal3He in the sample is determined by 
coulometry. . 

A further aspect of the invention is a method of storing aiid packaging 
an analytical sensor \^ch includes packaging the seqsor in. an atmosphere 
containing molecular oxygen. The sensor of this aspect of the invention includes 
25 air-oxtdizable redox mediator. . 

One embodiment, of the invention is a method of determining the 
concentration of an analyte in a sample by contacting the sample with an 
electrochemical sensor, electrolyzing less than about 1 |iL of sample, and 
determining the concentration of the analyte by coulometry. The sensor of this 
30 embodiment of the invention includes a working electrode and non-leachable redox 
mediator on the working electrode. The molar amount of non-leachable redox 
mediator in the reduced form prior to introduction of the sample into the sensor is 
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less than, on a stoichiometric basis, 5% of the expected mo 
be elecirolyzed. 

Another method for deterauhing the concent 
sample includes contacting the sample with an electrochemical sehsor which has a 
5 working electrode, a comiter elecbpode, and a measurement zone bounded on at least 
two sides by the two electrodes. The measurement zone is sizc^ to contain less than 
about 1 of sample. The concentration of analyte in the sample is then determined 
. by coulometry. 

These and various other features which characterize the invention are 
1 0 pointed out with particularity^ in the attached claims; For a better linderstatiding of 
. the invention, its advantages, and objectives obtained by its use, reference ishould be 
made to the drawings and to the accompanying description, in which there is 
Ulustrated and described preferred embodiments of the ihventio 

Brief Description of the Drawings 

15. Referring now to the drawings, wherein like reference numerals and 

letters indicate corresponding structure throughout the several views: 

Figure 1 is a schematic view of a first embodiment of an 

electrochemical sensor in accordance with the principles of the present invention 

having a working electrode and a counter electrode facing each other; 
20 Figure 2isaschemalicviewof a second embodiment of an 

electrochemical sensor in accordance with the principles of the present invention 

having a working electrode and a counter electrode in a coplanar confijguiation; 
Figure 3 is a schematic view of a third embodiment of an 

electrochemical sensor in accordance with the principles of the present invention 
25 having a working electrode and a counter electrode facing each other and haying an 

extended saniple chamber. 

Figure 4 is a not-to-scale side-sectionial drawing of a portion of the 

sensor of Figures 1 or 3 showing the relative positions of the redox mediator, the 

sample chamber, and the electrodeis; 
30 Figure 5 is a top view of an embodiment of a multiple electrode 

sensor in accordance with the principles of the present invention; 
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. Figure 6 is a pCTspective view of an emb^^ 
measurement device in accordance with the principles of the preseait invention 
having a sample acquisition means and the sensor of Figure 

Figure 7 is a graph of the charge required to electrooxidize a knoAvn 
5 quantity ofgluW in an eiectrplyte buffered solution (^^^^^ 

solution (open circles) using the sensor of Figure 1 with glucose oxidase as the 
second electron tiansfer.agent; 

Figure 8 is a graph of the average glucose concentrations for the data 
of Figure 7 (buffered solutions only) with c^^ 

10 averages- a linear cdibration curve was calculated for the 10-2a 

and a second order pobrnomiaJ ciaJibr^tion curviB was calculated for 
concentrations; ' ■ 

Figure 9 is a qiMke-type chnical grid analyzihg^ t^ 
of the glucose measurements of . Figure 7; 

^^5«»«10isaE?aphdfthecha^^ 
quantity of glucose m an clectrolyte bufiFered solutiori li^g the sensor of Figure 1 
vvith glucose ddiydrbgentee as the second electron tran^CT 

Figiies HAyl IB,; and nc are top vievre of three embodiments of a^^ 
electrochemical^disoirofthe present invention; 

^® Figittesl2AOTd 12B are cross-sectional views of another 

embodiment of an eleCtiwhemicaJsensbr of the pr^ent invention formed using a 
recess of a base material; . . 

Figures 13A and 13B are croiss-sectional views of yet another 
embodimeiit of an electrochiemical i«nsor or the present invention formed in a recess 
25 of a ba^e material; and . 

Figures 14A and 14B are cross-sectional view of a further 
embodiment of ah electrochemical sensor of the present invention formed using a 
recess of a base material and a sofbent material. 
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Detailed Description of the Frefcrrcd Embodiment 

When used herein, the following definitions define the stated term: 

An ""air-bxidizable mediator^ is a redox mediator 

air, preferably so that at least^90% of ^ 
5 storage in air witlun a useM period of time, e.g.,on^ 

one vif^ek or less, and, more preferably, one day or less. 

A "biologic?al fluid'' is amy body fluid in wM^^^ 

measured, for example, blood/intmtitid 

The term "blood" in the context of the invention includes whole 
1 0 blobd and its celll-free components, namely, plasma and serum. 

"Coulometry" is the detamination of charge passed or projected to 

pass during complete or nearly complete electrolysis of the analyte, either directly on 

the electrode or through one or more electron transfer agents. The charge is 

determined by measurement of charge passed during parUa^ 
1 5 electrolysis of the analyte or, more often, by multiple measurements during the 

electrolysis of a decaymg current and elapsed time. The decaying current results 

from the decline in the concentration of the. electrolyzed species caused by the 

electrolysis. 

A "counter electrode" refers to an electrode paired with the working 
20 electrode, through which passes an electrochemical current equal in magnitude and . 
opposite in sign to the cunent passed through the working electrode. In the context 
of the invention, the term "counter electrode" is meant to include counter electrodes 
wWch also function as reiFerence electrodiw (i.^ 

An yelectroch^ical sensof Ms a device ^ra 
25 presence and/or rneasure the concentration of an analyte via electrochemical * 

oxidation and reduction reactions on the sensor. These reactions are transduced to 
an electrical signal that can be correlated tp an amount or concentration of analyte. 

"Electrolysis" is the electrooxidation or electroreduction of a 
compound either directly at an electrode or via one or more electron transfer agents. 

The term "facing electrodes" refers to a configuration of the working 
and counter electrodes in which the workiiig surface of the working electrode is 
disposed in approximate opposition to a surface of the counter electrode and where 
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the distance between the working and couiiter elec^odes is less than the width of the 
working suiface of the working electrode. 

A compound is "immobilized*^ on a surface when it is entrapped on or 
chemically bound to the surface. 
5 The "measurement zone" is defined herein as a region of the sample 

chamber sized to contain only that pohion of the sample that is to be interrogated 
during the analyte assay. 

A"non'leachab]e-'or**npri-feIeasabIe'*compouhdisacomp . 

which does not substantially difiuse away from (he working surface of the working 

10 electrode for the duration of the analyte assay. ^ 

A "redox mediator' • is an electron transfer agent for carrying electrons 
■ ■ . V ■ * 

between the analyte and the working electrode, either directly, or via a second 

electron transfer agent. 

A "second electron transfer agent** is a molecule which carries 

15 electrons between the rcdox mediator ^ 

"Sorbent material** is inaterial which Avicks^ reta^ 

fluid sample in its void volume and which does hot stibstantially prevent diffusion of 

. the analyte to the electrode. 

A "working electrode** is an electrode at which analyte is . 

20 electrooxidized or electroreduced with or without the agency of a redox niediator. 

A "working surface" is that portion of the working electrode which is 

. coated with redox mediator and configured for exposure to sample. 

The small volume, in vitro analyte sensors of the present invention 

are designed to measure the concentration of an analyte in a portion of a sample 

25 having a volxmie 1^ than about 1 ^L, preferably less than about 0.5 pL, more 

preferably less than about 0.2 yiL^ and most preferably less than about 0.1 \xL. The 

analytQ of interest is typically pirovided in a solution or biological fluid, such as 

blood or serum. Referring to the Drawings in general and Figures 1- 4 in particular, . 

a small volume, in vitro electrochemical sensor 20 of the invention generally 

30 includes a working electrode 22, a coimter (or counter/reference) electrode 24, and a 

sample chamber 26 (see Figure 4). The sample chamber 26 is configured so that 

when a sample is provided in the chamber the sample is in electrolytic contact with 
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both the working electrode 22 and the counter electrode 24. This aUows electrical 
cuiient to flow between the electrodes to effect the elretrb 
etectroreduction) of thcvanalyte. 

.5 Working Electrode . .. . 

.. :The woikjhg elecl|^ 
. f»n»POsite or it may consist ofan inert non-conducting base matOT 

polyesttar, upon which a suitable conducting layer is deposited. The conducting 
. . layer should have relatively low electeical resistance 
10 electrochemicaUy iiiert over the potential range of the sensor during operation. 
Suitable conductors include gold, carbon, platinum, ruthenium dioxide and 
palladium, as well as other non-corroding materials known to those skilled ih the art. 

The electrode and/or conducting layers are deposited on the surface of the ihot 
material by methods such as vapor deposition or printing. 

. A tab 23 may be provided on the end of the working electrode 22 for . 
easy connection ofthe electrode to external electronics (not shown) such as a voltage 
source or eunrent measuring eqmpment. Other known methods or stmCti^es may be 
used to connect the worldng electrode 22 to the extonal electronics. 

20 Sensing Layer and Redox Mediator 

A sehsiiig layer 32 containing a noh-leachable (i.e., non-releasable) 
redox mediator is disposed on a portion ofthe working electrode 22. Preferably, 
there is litUe or. no leaching Of die redox mediator away fiomihe working electrode 
22 mtp the sanq>le.duniig the measurement period, whidi is Q^ic^ly less than about 

25 5 minutes. More preferably, the redox mediators ofthe present invention are bound 
or bthtawise immobilized on the workinjg electrode 22 to prevent undesirable 
leaching of themediator into the sample. A diffusing or lea«Aable (i.e., releasable) 
redox mediator is not desarable M*en the working and counter eleptrodes are close 
togeth» (i.e., when the electrodes are separated by less than about 1 mm), because a 

30 large background signal is typically produced as the unbound mediator shuttles 
electrons between the woridng and coimtor electrodes, rather than between the 
analyte and the working electrode. This and other problems have hindered the 
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development of low resistance cells and increased the minimum sample size required 
for determination of analyte concentration. 

Application of sensing layer 32 on working electrode 22 creates a 
working surface on that electrode. In general, the working surface is that portion of 
5 the working electrode 22 coated with mediator and able to contact a fluid sample. If 
a portion of the sensing layer 32 is covered by a dielecuic or other material, then the 
working surface will only be that portion of the electrode covered by redox mediator 
and exposed for contact with the sample. 

The redox mediator mediates a current between the worlds 

1 ft 22 and the analyte and enables the electrochemical analysis of molecules which are 
not suited for direct electrochemical reaction on an electrode. The mediator 
fanctioris as an electron transfer agent between the electrode and the analyte. 

Almost any organic or orgahoinetallic redox species can be used as a 
redox mediate.. In general, the prefmed redox mediators are rapidly reducible and 

15 oxidizable niolepules having redox potentials a few hundred imillivolts aboye.or 

below that of the standard calomel electrode (SCaS), and typically not more reducihg 
than about -100 mV and not moire oxidizing than about +40pmV versus SCE. 
Examples of organic redox species are quihones and quinhydrones and species tlmt 
in their oxidized state have quinoid structures, such as Nile blue and indophenoL 

20 Unfortunately, some quinones and partially oxidized quinhydrones react with 

functional groups of proteins such as the thiol groups of cysteine, the amine groups 
of lysine and arginine, and the phenolic groupisf of tyrosine which may render those 
redox species unsuitable for some of ^he sensors of the present invention, e.g., 
sensors that will be used to measure analyte in biological fluids such as blood. 

25 In general, mediators suitable for use in the invention haye structures 

which prevent or substantially reduce the difiusional loss of redox species during the 
period of time that the sample is being analyzed. The preferred redox mediators 
include a redox species bound to a polymer which can in turn be immobilized on the. 
working electrode. Usefiil redox mediators and methods for producing them are 

30 described in U.S. Patent Nos. 5,264,1 04; 5,356,786; 5;262,035; and 5,320,725, 
herein incorporated by reference. Although, any organic or organometallic redox 
species can .be bound to a polymer and used as a redox mediator, the prefened redox 
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species is a transition metal compound or complex: The preferred transition metal 
compounds or complexes include osmium, rutboiium, iron, and cobalt compounds 
or complexes. The most preferred are osmium com^ 

One tj^ of npn-releasable polymeric redox, mediator contains a 

5 redox species covalently bound in a polymeric composition. An example of this 
type of mediator is poly(\dnylferrocene): . 

Altemafivdy, a suitable hon-releasable redox mediator contaim^ 
ionically-bound redox species. Typically, these mediators include a charged 
polymer, coupled to an oppositely charged redox species. Examples of this type of 

10 mediator include a negatively charged polymer such as Nafibn* (DuPont) coupled to 
a positively charged redox species such as an osmium or ruthenium polypyridyl 
cation. Another example of an ionically^bound mediator is a positively charged 
, polymer such as quaternized poly (4-vinyl pyridine) or poly (1-vinylimi 

coupled to a negatively charged redox species such as ferricyanide or ferrocyaiiide. 

15 In another embodiment pfthe invention^ the suitable noh^ 

redox mediators include a redox species coordinaitively bound to the polymer. For 
example, the mediator may be formed by coordinatibn of an osmium or cobalt 2, 2"- 
bipyridyl complex to poly(l -vinyl imidazole) or pbty^^ 

The preferred redox mediators are osmium transition metal 

20 complexes with one or more ligands having a nitrogen-containing heterocycle. such • 
as 2,2'-bipyridine, 1 ,1 0-phehanthroline or derivatives thereof. Furthermore, the 
preferred redox mediators also have one or more polymeric ligaiids having at lea£^ 
one nitrogen-containing heterocycle, such as pyridine; imidazole, or derivatives 
thereof. The^ prefmed mediators exchange electrons rapidly between each other 

25 and the eledrodes so that the complex can be rapidly oxidized and reduced. 

In particular, it has been determined that osmium cations complexed 
with two ligands containing 2,2'-bipyridine, 1,10-phenanthroline, or derivatives 
thereof, the two ligands hot necessarily being the same, and further complexed with 
a polymer having pyridine or imidazole functional groups form particularly useful 

30 redox mediators in the small volume sensors of die present invention. Preferred 
derivatives of 2,2*-bipyridine for complexation with the osmium cation are 4,4*- 
dimethyl-2,2'-bipyridine and mono-, di-, and polyalkoxy-2,2'-bipyridines, such as 
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4,4'-dimethoxy-2^'-bipyridme, where the carbon to oxygen ratio of the alkoxy 
groups is sufficiem to retain splubimy of the trm 

Preferred derivativds of 1,1 0-phenanthroline for complexation with the osmium 
cation aie 4jHdimfethyl-l,l{)-phenanthroi^^^ mono-,diT, and polyalkoxy-1,10- 
5 phenanthrolines, such as 4,7-dimethoxy^ 1,1 0-phenanthroline, where the carbon to 
oxygen faUo of the alkoxy groups is sufBcient to retain solubility of the transition 
metal complex in water. Preferred polymers for complexation with the osmium 
cation include poly(l -vinyl imidazole), e.g., PYI, and poly(4-vinyl pyridine), e:g., 
PW, either alone or with a copolymer; Most preferred are rc^^ 

10 osmium complexed with poly(l -vinyl imidazole) alone or with a copolymer. . 

The prefeired redox mediator have a redox potential betw^^ 
150 mV to about+400mV versus the standanlcalom^^^ PrefCTably, 
thepot^ntial Qf the redox mediator is between about -100 mV and +100 ihV and . 
more preferably , the potential is between about -50 mV and +50 mV. The most 

15 prefen:ed redox mediators have, osmi^^ 

negative than +100 ipV versus SCE, more preferably the redox potential is more 
negative than +50 inV versus SCE, and mo^^^ 

It is also preferred that the redox mediators of the inventive sensors 
be air-oxidizable. This means that the redox mediator is oxidized by air, preferably 

20 so that at least 90% of the mediator is in an oxidized state prior to introduction of 
sample into the sensor. Air-oxidizable redox mediators include osmium cations 
complexed with two mono-, di-, or pplyalkoxy-2,2*-bipyridine or mono-, di., or 
polyalkoxy-l,10-phenanthroline ligands, the two ligands not necessarily being the 
same* and iurther complexed with polymers h^ 

25 functional groups. In particular, Os[4,4'-dimethqxy-2,2'-bipyridine]2Cr''2 
complexed with poly(4-vinyI pyridine) or }X)ly(l.vinyl imidazole) attains 
approximately 90% or more oxidation in air. 

In a preferred embodiment of the invention, the sensing layer 32 
includes a second electron transfer agent which is capable of transferring electrons to 

30 or from the redox mediator and the analyte. One example of a suitable second 

electron transfer agent is an enzyme which catalyzes a reaction of the analyte. For 
example, a glucose oxidase or glucose dehydrogenase, such as pyrroloquinoline 



W09W35225 PCr/lJS98/Q2^ 

13* : ' 

quinohe glucose dehydrogenase (PQQ), is used when the analyte is ghicbse. A 
lactate oxidase fiUs this role when the an^^ These oi^mes catalyze the 

electrolysis of an analyte by transfenring electrons between 
electrode via the redox mediator. Preferably, the second electron transfer agent is 
5 non-leachable, and more preferably immobilized on the electrode, to prevent 

unwanted leaching of the agent into the sample. This is accomplished, for example, 
by cross linking the second electron transfer agent with the redox mediator, thereby 
providiiig a sensing layer wth noii-leaphable coihponents. 

7o prevent electrochemical reactions from occurring on ^ 

10 ^he working electrode not coated by the mediator, a dielectric 40 may be deposited 
on the electrode over, under, or sunoimding the region with th^ 
mediator, as shown in Figwe 4. Suitable dielectric materials include waxes and rionr 
conducting orgamc polymers such as polyethylene. Dielectric 40 may also cover a 
portion of the redox mediator on the electrode; The covered portion of the mediator 

15 will not contact the sample, and, therefore, vvill not be a part of tiie electrode's 

working surface. * . • 

Pounter.EIectrode 

Counter electrode 24 may be constructed in a maimer similar to 
20 working electrode 22. Counter electrode 24 may also be a counter/reference 

electrode. Alternatively, a separate reference electrode may be provided in contact 
with the sample chamber. Suitable materials for the counter/reference or reference 
electrode include Ag/AgCl printed on a nonconducting base ma 
chloride on a silver metal base. If the counter electrode is not a reference electrode, 
25 the same materials and methods may be used to make the counter electrode as arc 
available for constructing the working electrode 22, however, ho redox mediator is 
immobilized on the coimter or counter/reference electrode 24. A tab 25 may be 
provided on the electrode for convenient connection to the external electronics (not 
shown), such as a coiilometer or other fneiasuring device. 
30 '\ In one embodiment of the invention, working electrode 22 and 

counter electrode 24:arie disposed opposite to and facing each other to form a facing 
electrode pair as depicted in. Figures 1 and 3. In this preferred configuration, the 
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sample chamber 26 is typically disposed between the two electrjodes. For tWs facing 
. electrode coxtBguration, it is preferred that the electrodes are separated by a distance 
of less thaii about 0.2mm, preferably less than 0. 1 mm, and most preferably le3s than 
0:OSmm. 

5 The electrodes need not be directly oppoi5irig each olher/theym^ 

slightly ofiFset. Furthermore, the two electrodes need not be the same size. 
Preferably, the counter electrode 24 is at least as large as the working surface bf the 
working electrode 22. The counter electrode 22 can also be formed with tines in a 
comb shape: Other configiiration of both the counter electrode and working 

iO electrode ar6 within the scope of the invention. However, the separaition distance 
between any portion of the working electrode and some portion of the counter 
electrode preferably does not exceed the limits specified here^ 

. Figures 11 A, 1 IB, and 1 IC illustrate different e^ 
of facing electrodes 22, 24, as described above: A region 21 of overlap between the 

1 5 two electrodes 22, 24 typically corresponds to the icneasuremeht zone in which the 
, sample will be interrogated. Each of the electrodes 22, 24 is a conducting surface 
and acts as a plat6 of a capacitor. The measurement zon& between the electrodes 22, 
24 acts as a dielectric layer between the plates. Thus, there is a c^acitance between 
the two electrodes 22, 24. This capacitaiice is a function of the size of the 

20 overlapping electrodes 22, 24, the separation between the electrodes 22, 24, and the 
dielectric constaiit of the material between the electrodes 22;24. Thus, if the size of 
the region 21 of the overlapping electrodes 22, 24 and the dielectric constant of the 
niaterial between the electrodes (e.g., air of a sprbent material) are knovvn^ then the 
separation between the electrodes can be calculated to determiiie the volume of the 

25 measurement zone. 

Figure 1 1 A illustrates one embodiment of the invention in which the 
electrodes 22, 24 are positioned in a facing arrangernent. For the capacitance to be 
uniform among similarly constructed analyte sensors having this particular sensor 
configuration, the regisftration (i.e., the positioning of the two electrodes relative to * 

30 one another) should be uniform. If the position of either of the electrodes i s shifted 
in the x-y plane from the position shown in Figure 1 1 A, the size of the overlap, and 
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therefore, of the capacitance. Will change. The same principle holds for the volume 
of the measurement zone. 

Figures 1 IB aiid 1 IC iUustiate.other embodiments of the invention 
with electrodes 22, 24 in a facing arrangement. In these particiilar arrangeinents, the 
5 position of either of the electrodes may be shifted, by at least some minimum 
distance, in the x-y plane relative to the other electrode without a change in the 
capacitance or the volume of the measurement zone. In these electrode - 
arrangements, each electrode 22^ 24 includes an arm 122, 124, re^tivdy, which 
overlaps with the corresponding arm of the other electrode. The two arms 1 22, 124 
10 are not parallel to each other (such as illustrated in Figure 1 1 A); rather, the arms 
12^ 124 are disposed at an angle 123, which is greater than zero, relative to each 
other: In addition, the two arms 122, 1 24 extend beyond the region 2 1 of overlap 
. (i.e., each arm has extra length corresponding to the difference between the length of 
. the arm 222, 224, respectively, and the width 121 of the overlap 21). With these 
1 5 electrode arrangements, there can be a certain amount of allowed imprecision in the 
registration of the electrodes 22, 24 which does not change the capacitance of the 
electrode arrangement A desired amount of allowed imprecision iii the registration 
can be designed into the electrode arrangement by varying the angle 123 at which 
the arms 122, 124 overlap and the size of the extra length of each iarm 122, 124 
20 relative to the width 121 of the region 21 of overlap, typically, the closer that the 
arms 122, 124 are to being perpendicular (i.e., angle 123 is 90*"), the greater the 
allowed imprecision. Also, the greater the extra IragOi of each arm 122, 124 (which 
maiy both be the same length or diiferent lengths).relative to the width 121 of the 
region 21 of overlap, the greater the aUowed impreciidon; C^ 
25 the amouritdfallowed irnprecision, the larger tl^^ 

electrpde width, thickness, and angle 123 of intersection with the other electrode). 
Thus, the minimum distance that one electrode can be shifted relative to the other is 
balanced against the amount of material needed for the electrodes. Typically, the 
angle 123 of intellection ranges from 5 to 90 degrees, preferably, 30 to 90 degrees, 
30 . and more pleferably 60 to 90 degrees. Typically, the ratio of the extra length of an 
arm 122, 124 (corresponding to the difference between the arm length 222, 224 and 
the width 121 of the region 21 of overlap) versus the width 121 of the region 21 of 
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overlaprangesfiom 0.1:1 to50:l ,preferably 1:1 to 15:1, and more preferably 4:1 to 
10:1. 

In another embodiment of tlie inventi^ 
coplaiiar as showh in Figure 2. In this case, the sample chamber 26 ii in contact 
5 with both electrodes and is bounded on the side opposite the electrodes by a hon- 
conductirig inert base 30. Suitable materials for the inert base include non- 
conducting materials such as polyester. 

Other configurations of the inventive sensors are also possible. For . 
example, the tWo electrodes may be formed on surfaces that make an angle to each 
10 other. One such configuration wouldlmve the electrodes on surfaces that form a 
right angle. Another possiWe configuration has the electrodes on a curved surface 
such as the interior of a tube. The working and counter electrodes hiay be airahged 
so that they face each other from opposite sides of the tube. This is another example 
of a facing electrode pair. Alternatively, the electrodes may be placed near each 
15 other on the tube walUe g., one on top of the other or side-^^^ 

In any coi^guratioh, the two electrodes niust be coi^ 
they do riot make direct electrical co^^^ 

elcQtrochemical sensor, this may be difBcult to avoid when the facing electrodes 
having a short (less than about 100pm) distmice between th^^ 

20 A spacer 28 can be used to keep the electrbdes apart wh«i the 

electrodes face each other as depicted in Figures 1 and 3. The spacer is typically 
constructed fix)m an inert non-conducting material such as polyester. Mylar™, 
Kevlar™ or any other strong, thin polymer fihn, or, alternatively, a thin polymer 
fihn such as a Teflon™ film^ chosen for its chemical inertness. In addition to 

25 preventing contact between the electrodes, the spacer 28 often fimctions as a ppr^^^ 
of the boundary for the sample chaniber 26 as shown in Figures 1- 4. 

Sample Chamber 

The sample chamber 26 is typically defined by a combination of the 
30 electrodes 22, 24, an inert base 30, and a spacer 28 as shown in Figures 1-4. A 

measurement zone is contained within this sample chamber and is the region of the 
sample chamber that contains only that portion of the sample that is interrogated 
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during the analyte assay. In the embodiment of the invention Uiustrated in Figures 1 
and 2, saiiipie chamber 26 is the space between Ae two electrodes 22, 24 ancVor the 

inot base 30, in this embodiment^ the sample chamber has a vbtumd tto^ 
preferably, less ^ about ImU more p^^^ 

5 preferably less than about 0.2 ^L. hi the embodiment of the invention d^ict^ in 
Figurts i and 2. the measurement zone has a volume that is approM^ 
the volume of the sample chamber. 

In another embodiment of the invention, shown in Figure 3, sample 
chamber 26 iucludes much more space than the region proximate electrodes 2i, 24. 
10 This ainfiguration inakes it possible to provide multiple electrodes in contact with. 

one or more samplechainbenj, as shown in Figure 5. In this embodiment, sample • 
chamber 26 is preferably sized to contain a volume of less than about 1 jiL, more 
preferably less than about 0.5 jiL, and most preferably less than about 0.2 jiL. The 
measurement zone (i.e., the region cont juning the volume of sample to be 

15 interrogated) is generally sized to contain a volume of san^lfe of less thah about 1 
mL, preferably less than about 0.5 \xL, more preferably less than about 0.2 nL,> and 
most preferably less than about 0;1 nL, One particularly usefUl configuration of this 
^ embodiment positions working electrode 22 and counter electrode 24 facing ea^h 
other, as shown in Figure 3. fa this embodiment, tiie meainirement zone, 

20 conespondmg to Uie region containing tiic portion of the sample which wiil be 

interrogated, is tiie portion of sample chamber 26 bounded by tiie workmg surface of 
tiie woridng elcctrcKle and disposed between the two faqng elec^^ 
surface of Oie worldijg electrode is hot entirely covered by redox 
measurement zone is tiw space between the two facing electrodes that has a surface 
25 area corresponding to flie working surface (i.e., redox mediator-covered surface) of 
.working electrode 22 and a tiiickness com&ponding to the separation distance 
between workmg electrode 22 and counter electrode 24. 

In both of the embodunents discussed above, the thickness Of the 

sample chamber and ofUic measurement zone correspond typically to tiie Uiickness • 
30 of spacer 28' (e.g., tiie distance between the electrodes in Figures 1 and 3, or tiie 
distance between Uie electrodes and tiie inert base in Figure 2). Preferably, tiiis 
tiiickness is small to promote rapid electrolysis of the analyte, as more of tiie sample 
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will be in contact with the electrode surface for a given sample volume. In addition, 
a thin sample chamber helps to reduce errors firom. diffusion of analyte into the 
measurement zone from other pcnrtions of the sample chamber during the analyte 
assay,.because difiusion time is long relative to the measurement time. Typically, 
5 the thickness of the sample chamber is less than about 0^ mm. Preferably, the 

thickness of the sample chamber is less than about 0.1 mm and, more preferably, the 
thickness of the sample chamber is about 0.05 mm or less. 

The sample chamber may be formed by other methods. Exemplary 
methods include embossing, indenting, or Otherwise forming a recess in a substrata 

1 0 within which either the working electrode 22 or counter electrode 24 is formed. 

Figures 12A and 12B illustrate one ranb<)dimrat.of this sJracture. First, a conducting 
layer 100 is formed on an inert non-cojnducting base material 102. As described 
abbvci the conducting layer 100 can include gold, carbon, platinum, rtthenium 
dioxide, palladiuni, or other non->conpding materials. The inm non-conducting base 

15 nuiteripJ 102 can be made using a.polyester, other polymers, 

conducting, deformable materials. A recess 104 is then formed in a region oif the 
nonrconducting base material 1 02 so that at least a portion of the conducting layer 
1 00 is included in the recess 104. The recess 1 04 may be fonned using a variety of 
techniques including indenting, deforming^ or otherwise pushing in the base material 

20 1 02. One additional exemplary method for forming the recess includes enibossing 
the base material 102. For example, the base material 102 may be brought into 
contact with an embossing roll or stamp having raised portions, such as pimch 
members or channels^ to form the recess 104; In some embodiments, the base 
material 102 may be heated to soften the material. 

25 . The recess 1 04 may be circular, oval, rectangular, or any other regular 

or inegular shape. Alternatively, the recess 104 may be formed as a channel which 
extends along a portion of the base material 1 02. The conducting layer 100 may 
extend along the entire channel or only a portion of the channel. The measurement 
zone may be restricted to a particular region within the channel by, for example, 

30 depositing the sensing layer 32 on only that portion of the conducting layer 1 00 
within the particular region of the channeL Alternatively, the measiurement zone 
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may be defined by placing a second electrode 107 over only the desired region.of the 
first electrode 105. 

At least a portion, and in some cases, all, of the conducting layer 100 
is situated in the recess 104. This jportion of Ae conducting layer 100 may act as a 
5 firstdectrodei05.(acourterelecirodeor,i^ 

coiiducting layer 100 fonns the wrking electrode, tf»en a sensing layer 32 
formed over a pcnlion of the conducting l^er 1 00 by dq)ositing the nQn-leachable 
mediator and optional second electron transfer ag^t in the recess 104, as shown in 
Figure 12B. A second electrode 107 is then formed by dotting a second 
10 conducting layer on a se<»nd base material 106; . This second electrode 107 is then 
positioned over the first electrode 105 in a ficing arrangeiBOTt 
illustrated, it will be understood that if the first electrode 105 were to fiincUbn as a 

countfar elTOtrode, then the sensmg layer 32 would be deposited on the second 
eiwtrode 107;wWch would then faction as the working ek^ 

^ ^ J" one embodiment, the second base material: 108 rests on a portion 

of the firet base material 102 and/or the conducing layer 100 which is not depressed, 

so ttatthe second electrode 107 extends mto the recess. In another emb^^ 
there is a spacer (not shovm) between the first and second base materials 102,168; 
In this embodiment, the second electrode 107 may or may not extend into the recess. 
20 In any case, the first and second electrodes 105, 107 dp not make contact„otherwise . 
the two electrodes would be shorted. 

The depth of the recess 104 and the volume of the conductive layer 
100, sensing layer 32, and the portion, if aiay, of the second electrode 107 in the . 
recess 1 04 determines the volume of the measuremoit zone. Thus, tl» predictability 
25 of the volume of the.measureinent zone relira on the extent to which the formation 
ofthe recess 104 is uniform. ;. 

In addition to the conducting.layer 100, a sorbent layer 103, described 
in detail below, may be dqwsited on the base material 1 02 jaior to fonhing the 
recess 104, as shown in Figure 14A. The sorbent material 103 may be indented, 
30 embossed, or otherwise deformed with the conducting layer 1 00 and base material 
102, as shown in Figure 14B. Alternatively, the sorbent material 103 may be 
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deposited after the conducting layer 100 and base, material 102 are indented, 
embossed, or otJierwise deformed to make the rec^ 

\ Ih another exemplary method for foimingft^^ A 
. recess 1 14 in formed, in a first base material 1 12; as shown in Figures 13A and 13B. 

5 Tlie recess may be formed by indenting^ embossing, e^^ 

photolithographic methods or laser removal of a portion of the baise material), or 
otherwise deforming or removing a portion of the base material 1 12. Then a first 
conducting layer 1 10 is formed in the recess 1 14. Any of the conductive materials 
discussed above may be used. A preferred material is a conductive ink, such as a 

10 conductive carbon ink available, for example, from Ercon, Inc. (W^^ 

The conductive ink typically contains metal or carbon dissolved or dispersed in a 
solvent or dispersant Whda the solvent or diispier^ 

carbon forms a conductive layer 1 1 0 that can then be used as a first electrode 1 15* A 
second electrode 1 1 7 can be formed on a second base niaterial 1 1 6 and positioned 

15 . over the recess 1 14, as described aboVe^ In some embodiinents, a sensing layer 32 is 
formed on the first electrode 1 15 to form a working electrode, as s^iown in Figure 
13B. In other embodiments, the sensing layer 32 niay be formed on ih^ second 
electrode 1 17 to form a working electrode. Furthermore, a sbrbent material (iiot 
shown) may be.formed within the recess, for example, oh the fitst electrode 1 15. 

20 A binder, such as a polyurethane resin, cellulose derivative, elastomer 

(e.g., siUcones, polymeric dienes, or acrylonitrije-biitadiene-styrene (ABS) resins), 
highly fluorinated polymers, or the like, miay alsfo be included in the conductive ink. 
Cuiring the binder may increase the conductivity of the conductive layer 1 10, 
however, curing is not necessary. The method ofciiring the binder may depend 6n 

25 the nature of the particular binder that is used. Some binders are cured by heat 
and/or ultraviolet light. 

These structures allow for the formation of electrochemical sensors in 
which the volume of the measurement zone depends, at least in part, on the accuracy 
and reproducibility of the recess 104. Embossing, laser etching, photolithographic 

30 etching and other methods can be used to make ireproducible recesses 1 04^ even on . 
the scale of 200 ^m or less. 



_yf09mSX^ PCT/US9WQ2C52 

V . . ■ . 21 
. Sorbent Material , . 

The sample chamber may be empty befwe the sample is placed in the 
chamber. Altemativelyi the sample chamber may include a sorbent m^aial 34 td 
s<^b and hpld a fluid sample daring the measuremeirt p^^ 
5 materials include polyester,.nylon, cellulose, and celhilose derivatives such as 
. nitrocellulose. TTie sqrbent.material'facilitat^s the uptake of small vblume samples 
by a wcldng action which m^y complement or, preferably, re^^ 
action of the sample chamber. 

In some embodimentSi the sorbeftt material is deposited using a 1^^^^ 
10 or slurry in which the sorbent material ijs dissolved or dispel The solvent or 
_ d'jqpersant in the liquid or slpiiy may then be dri^^ 

proojsses. Suitable sbrbent materials include, for example, cellui ' 
powders dissolved or dispersedin a suitable solvent or di^jersant, ^^^^ 
The parUciJar solvent or dispersant should also be compatible with 
15 . the working electrpd? 22 .(e,g., the solvent or diq« 
electrode.) . " . 

Ctae of the most importsmt factions of the sorbent material is ti) 
reduce the volume of fhiid needed to fJl the sample chamber and coiiesponding 
measurement zone of the sensor. The actual volume of sample within the 
20 measwement zone is partially determined by the piountofvoid space within 

sorbent material. Typically, suitable sorbents consist of about 5% to about 56% void 

space. Preferably, the sorbent material consists ofabout 10% to about 25% void 
. space.. 

The di^lacement of fhiid by the sorbent rnatcnal is ad^ 
25 By addition ofasrabcnt, less sample is needed to fill sample chambtT 26. ^TO^ 
redikxs the volume of sanipie that is required to obtain a measuri^ 
reduces the time required to electrolyze the sample. 

TTie sorbent material 34 may include a tab 33 which is made of the 
same material as the sorbent and which ext«aids fioin the sensor, or from an opening 
30 in the sensot, so that a sample may be brought into contact vvith tab 33, sorbed by 
the tab, and conveyed into the sample chamber 26 by the wickmg action of the 
sorbent material 34. This provides a preferred method for directing the sample into 
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the sample chamber 26. For example, the sensor may be brought into contact with a 
region of an animal (including human) that has been pierc 
blood. The blood is brought in contact with tab 33 and drawn into sample chamber 
26 by thewicking actionofthe sorbent 34. The direct transfer ofthe sample to the 
5 sensor is especially important when the sample is very small, such as when the 

lancet is used-to pierce a portion of the animal that i§ not heavily supplied with near- 
surface capillary vessels and furnishes a bipod sample volume of less than 1 jiL. 

Methods other than the wicking action, of a sorbent may be used to 
transport the sample into.the sample chamber or measiirement zone; Examples of 

1 0 such rneans for transport include the application of pressure on a sample to push if 
into the sample chamber, the creation of a vacuum by a pump or other vacuum- ! 
producing means in the sample chamber to pull the sample into the chamber^ 
capillary action due to interfacial tension of the sample with th^ 
sample chamber, as well as the wicking action of a sorbent material. 

IS . The sensor can also be used in conjunction with a fl^ 

stream. In this configuration, the sample stream is made to flow, through a samjiile 
chamber. The flow is stopped periodically and. the concentration of the analyte is 
determined by electrochemical method, such as coulometty. After the measurement, 
the flow is resumed, thereby removing the sample from the sensor. Alternatively, 

20 sample may flow through the chamber at a very slow rate, such that all of the analyte 
is electrolyzed in transit, yielding a current dependent only upon analyte 
concentratioi) and flow rate. 

Other filler materials may be used to fill the measurement zone and 
reduce the sample volume. For example, glass beads can be deposited in the 

25 measurement zone to occupy space. Preferably, these filler materials are hydrophilic. 
so that the body fluid can easily flow into the measurement zone. In some cases, 
such as glass beads with a high surface area, these filler materials may also wick the 
body fluid into the measurement zone due to their high surface area and 
hydrophilicity. 

30 The entire sensor assembly is held firmly together to ensure that the 

sample remains in contact with the electrodes and that the sample chamber and 
measurement zone maintain the same volume. This is an important consideration in 



. JW09805225 rCT/US98/a2^ 

• . • .•■■23 - ; . ' 

the coulometric analyas of a sample, where mea^ 
volume is needed. C^e method of hold^^ 
rand 1 Two plates 38 are provided at opposfte ends^o 
typicaUy constnicted of nonnconducting materia 
5 designed so that they call be held together with the se^^^ 
Smtable holding devices include adhesives, cl^ 

like. . v'-.- 

Integrated Sample Acquisition and Analyte Measurement 

1» a preferred embodiment of the invention, ah analytem 
device 52 constructed according to the principles of the ^ ; ; | 

seiisor 20, as described hereinabove, combined with a samp j 
to provide an integrated sampling and measurement device. The sample acquisition ' ! 

means 50 illustrated in Figure e/includes, for example, a ' 1 

15 such as a lancet, attached to a resilient deflectable strip 56 (or 64^^ 

such ais a spring) which may be pushed to inject the lancet in^ ] 
cause blood ilow. 

The resilient strip 56 is then released and the skin piercing member \ 
54 retracts. Blood flowing from the area of skrn pierced member 54 can then be ! 
20 transported, for example, by the vwcking action of sorbentmateri 

20 ibr analysis of the analyte. The analytemeasuremeirt^^ ? 
placed in a reader, not shown, which connects a coulometer or other electrochemical 

analysis equii^eirt to the electro^ I 
aiialyte by electroanalytical means. 
25 5 
Operation of the Sensor 

An electrochemical sensor of the invention is operated in the 
following manner, A potential is applied across the working and counter electrodes. 
The magnitude of the required potential is dependent on the redox mediator. 
30 potential at an electrode where the analyte is electrolyzed is typically large enough to 
drive the electrochemical reaction to or near completion, but the magnitude of the 
potential is^ preferably, not large enough to induce significant electrochemical 
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reaction of inteiferents, such as urate, ascorbate; and acetaminophen, that may affect 
the current measurements. Typically the potential is between about -ISO mV and 
about +400 mV; versus the standard calomel electrode Preferably, the . 

potential of the redox mediator is between about -100 mV and +100 mV and, more 

5 preferably, the potential is between about -50 ihV and +50 mV. • 

The potential may be applied either before or after the sample has 
been placed in the sample chamber. The potential is preferably applied after the 
sample has come to rest in the sample chamber to prevent electix)ly sis of sample 
passing through the measurement zone as the sample chamber is filling. When the 

10 potential is applied and the sample is in thejneasurement zone, an electrical current 
will flow between the working electrode and the counter electr^^ The current is a 
r^ult of the electrolysis of the aiialyte in the sample. This electrochemical reaction 
occurs via the redox mediator and the optional second electrpn transfer agent For 
. many biomolecules, B^. the process is described by the fbllovnhg reaction equations: 

15 . nA(ox) +:B ^"^^ ) nA(red) + C (1) 

nA(red) — r^nA(ox) + ne' (2) 

Biochemical B is oxidized to C by redox mediator species A in the presence of an 
appropriate enzyme. Then the redox mediator A is oxidized at the electrode. 
Electrons are collected by the electrode and the resulting current is measured. 

20 As an example, one sensor of the present invention is based on the 

, ireaction of a glucose mdieciiie with two non-leachable ferricyanide anions in the 
presence of glucose oxidase to produce two non-leachable ferrocyanide anions, twp 
protons and gluconolactone. The. amount of glucose present is assayed by 
electrooxidizing the non-leachable ferrocyanide anions to non-leachable ferricyanide 

25 anions and ifneasuring the total charge passed. 

Those skilled in the art will recognize that there are many different 
reaction mechanisms that will achieve the same result; namely the electrolysis of an 
analyte through a reaction pathway incorporating a redox mediator. Equations ( 1 ) 
and (2) are a non-limiting example of such a reaction. 



. .W09805225 Krr/US98y02652 

■ * 25- •* 
In a prefened embodiment of the invention^ 
detemiihe the concentration of the analyte. Tfhis measurement technique utilizes 
current measurements obtained at intervals over the course of the assay, to determine 
analyte concentration. These current measurements are integrated over tim 
5 obtain Ae amount of chOTge,Q, passed to or fip^ Q is then used to 

calculate the concentration of the analyte by the following equation: 

[analyte] = Q/nFV 

where n is the number of electron equivalents required to electrolyze the analyte, F is 
Faraday's constant (approximately 96,500 coulombs per equivalent), and V is the 

10 volume of sample in the measurement zone. 

In one embodiment of the invention, the analyte is compietely or 
nearly completely electrolyzed The charge is then calculated from cturent 
measurements made during the electrochemical reaction and the concentratibn bf the . 
analyte is detemined using equation (3). The completion of the electrochemical 

15 reaction is typically signaled when the current ireaches a steady-state value. This 
indicates that al l or nearly all of the analyte has been electiblyzed- For thi^ tyi)e of 
measurement, at least 90% of the analyte is typically electrolyzed, preferably, at 
least 95% of the analyte is electrolyzed and, more preferably, at least 99% of the 
analyte is electrolyzed. 

20 For this method it is desirable that the analyte be electrolyzed 

quickly. The speed of the electrochemical reaction depends on several factors, 
including the potential that i^applied between the electrodes and the kinetics of 
reactions (1) and (2), (Oflier significant factors include the size of the measurement 
zone and the presence of sorbent in the measurement zone.) In general, the larger 

25 the potential, the larger the current through flie cell (up to a transport limited 

maximum) and therefore, the faster the reaction will typically occur. However, if 
the potential is too large^ other electrochemical reactions iriay introduce significant 
error in the measurement. Typically, the potential between the electrodes as well as 
the specific redox mediator arid optional second electron transfer agent are chosen so 

30 that the analyte will be almost completely electrolyzed in less than 5 minutes, based 
on the expected concentration of the analyte in the sample. Preferably, the analyte 
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Avill be almost completely elecfrplyzed wifhin about 2 minutes and, more preferably, 
within about 1 minute. 

In another embodiment of the invention, the ahalyie is oiily p^^ 
electrolyzed. The current is measured during the partial reaction and then 

5 extrapolated using mathematical techniques known to those skilled in the art to 
determine the current curve for the complete or nearly complete electrolysis of the 
. analyte. Integration of this curve yields the amount of charge that would be passed 
if the analyte were completely or nearly completely electrolyzed and, using equation 
(3), the concentration of the analyte is calculated. 

10 The above described methods are based on coulometric analyses, due 

. to the advantages ofcoulometnc measurements, as described hereinte^ 
However, those skilled in the art will recognize that a sensor .of the invention may 
also utilize potoitiometric, amperometric, voltammetric, and other elec^ochemical 
techiiiques to determine tfie concentration of ah analyte in a sample. There eiie, 

IS however^.disadvantages to using some of these techm 

obtained by these hon^coulometrid methods are not temperature ind|q)endent as the . 
current and potential obtained by. the electrolysis of an analyte on an electrode is 
very sensitive to sample temperature. This presents a problem for the calibration 6f • 
a sensor which will be used to measure bioanalytes and other samples 'at imknown or 

20 variable temperatures. 

In addition, the measurements obtained by these non-coulometric 
electrochemical techniques are sensitive to the amount of enzyme provided in the 
sensor. If the enzyme deactivates or decays ovier time, the resulting measurements 
will be affected. This will limit the shelf life of such sensors.unless the enzyme is 

25 very stable. 

Finally, the measurements obtained by non-coulometric 
electrochemical techniques such as amperometry will be negatively affected if a 
substantial portion of the analyte is el ectrolyzed during the measurement period. An 
accurate steady-state measurement can not be obtained unless there is sufficient 
30 analyte so that only a relatively small portion of the analyte is electrolyzed during, 
the measurement process. 
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The electn>chemical techiuque of coul6niiBti7 ovefcome 
probiems. Coulometiy is ainethod for detor^ 
projected tp pass during complete or nearly cpmple^^^ 

One coulometric tediniqueinvolves eJectrolyzing the analyte on a working elecfrode 
5 and measuring the resulting current lietween the w^^ 

electrode at two oi more times during the electrolysis. The electrolysis is complete 
when the current reaches a steady state. TTie charge used to electrolyze the sample is 
then calculated by integrating the measured cunents over time. Because the charge 
is directlpr related to the amount of analyte in the sample there is ho temperature 
10 dependence of the measurement In addition, the activity of the redox mediator does 
not affect the value of the measureihent, but only the time required to obtain the 

measurement (i.e., less active redox mediator requires a longer time-to achieve 
complete electrolysis of the sample) so that decay of the mediator over time will not 
render the analyte concentration determinationinaccuraite. Aiid finallyi the depletion 
15 ofthe analyte in the sainple by electrolysis is not a sourte of error, b^^ 
objective of the technique. (However, the analyte need not be completely 
electrolyzed if the electrolysis curve is extrapolated firom the partial electrolysis 
curve based on weU-known electrochemical principles.) 

Fcqt coulometiy to be aneffective measurement technique for 
20 detennining the concentration of an analyte m asample, it is necessary to accurately 

determine the volume of the measured sample. Unfortunately, the volume of the . 

. sample m the measwrehient zone of a small vohime sensor 0^^^^ 

nucroliter) may be difficult to ?MXurateIy deternune because 

tolerances of one or more dimensions of the measuronojt zone may have significant 
25 variances. 

Air-oxidizable Redox Mediators 

Another source of error in a coulometric sensor is the presence of 
elTOtrochernicd reactions other than those associated with the analyte. In a sensor 
30 . having a redox mediator, a potential source of measurement error is the presence of 
redox mediator hi an unknown mixed oxidation state (i.c;, mediator not reprodudbly 
in a known oxidation state). Redox mediator will then be electrolyzed at the 
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electrode, not in response to the presence of an analyte, but simply due to its initial 
oxidation state. Referring to equations (1) and (2), current not attributable to the 
ondatipn 6f bibchemicsd B \vill flow due to oxidati^ • 
mediator. A, that is in its reduced form prior to the addition of the sample. Thus, it 
5 is important to know the oxidation state of the analyte prior to introduction of the 
sample into the sensor Furthermore, it is desirable that al! or nearly all of the redox 
mediator .be in a siiigle oxidation state prior to the introduction of the sample into the 
' . s^isor: ' 

Each redox mediator has a reduced form or state and an oxidized 

10 . form or state. In one aspect bfthe invention, it is prefen*edth$t the £u^ 

mediator in the reduced form prior to the introduction of sample be significantly 
smaller than the expected amount of analyte in a sample in order to avoid a 
significant backgroxmd contribution to the measured current In this embodiment of 
the invention, the molar amount of redox mediator in.the reduced forii prior to the 

IS ihtrochictiqaof the analyte is preferably less than; on a stoichiometric basis, about 

10%, and more preferably less than about 5%, andmost preferably less than 1%. of . 
the moW amount of analyte for expected analyte coik:ehtra (The molar 
amounts of analyte and redox mediator should be compared based on the 
stoichiometry of the applicable redox reaction so that if two moles of redox 

20 mediator are needed to electrolyze one mole of analyte, theri the molar amount of 
redox mediator in the reduced form prior to introduction of the analyte is preferably 
less than 20% and more preferably less than about 10% and most preferably less 
than about 2% of the molar amount of analyte for expected analyte concentrations.) 
Methods for contrpllmg the amoimt of reduced mediator ate discussed below. 

25 . In another aspect of the invention, it is preferred that the relative ratio 

of oxidized redox mediator to reduced redox mediator prior to introduction of the 
smriple in the sensor he relatively constant between similarly constructed sensors. 
The degree of variation in this ratio between similarly constructed sensors will 
negatively aifect the use of a calibration curve to account for the reduced mediator, . 

30 as significant variations between sensors will make the calibration less reliable. For 
this aspect of the invention, the percentage of the redox mediator in the reduced form 
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prior to introductioh of the sample in the sensor varies by less than about 20% and 
preferably less tliM abput 10% betvveen similarly, constni^ 

One method of controlling the amount of reduced redox mediator 
jmor to the introdtwtion of the sample in the siMispr is t^ 
5 oxidize reduced foini of the miediatw. One of the most convenient oxidizers is 
Oj.. Oxygen is usually resdily available to perfimn this oxidizing^ Oxygen 
can be supplied by exposing the sensor tp air: In adtfti^^^ andfluids 
al)sorb O2 fiom the air unless special precautions are taken. Typically, at least 90% 
Of an air-oxidizable (ile., Oj oxidizable) mediator is in the oxidized state upon 

10 storageorexposuretoairforausefiilperiodoftime,e.g.,onemontfiorless,and 
preferably, one week or less, and, more preferably, one day or less. 

Suitable mediators which are both air-oxidizable (i.e., Oj -oxidizable) 
and have electron transfer capabilities have been described hereinabove. One 
particular family of usefij mediators are osmium complexes which are coordinated 

15 or bound to ligands with one or more nitrogen-containing hetcrocycles. In 

particular, osmium complexed with mono-, di-, and polyalkoxy-2,2*-bipyridine or 
mono-, di-, and pplyalkoxy-l.lO-phenanthrolirie, where the alkoxy gro^ 
carbon to oxygen ratio sufficient to retain soiubi% in water, are airroxito 
These osmium complexes typically have two sul«tituted bipyridine or substituted 

20 phenanthroline ligaiid^ the two ligands not necessarily being identical. These 

osmium complexes.are further complexed with a polymeric ligahd with one or more 
nitrogen-containing hetcrocycles, such as pyridine and imidazole. Preferred 
polymeric ligands include poly{4-yinyl pyridine) and, more preferably, poIy(l-vinyr 
imidazole) or copolymers thereof. pst4;4'-dimethoxy.2^%bipyridine]iCr'** 

25 complexed with a poly(l -vinyI imidazole) or poly{4-vinyl pyridine) has b^ 
tobeparticuiariyuselulas theOs^^cationisoxidKablebyOi toOs^l Similar 
re?ults are ecpected for complexes of Os[4.7-dimethoxyrl,10-phenanthroline]JCr*'*^ 
and other mono-, di-, and polyalkoxy Wpyridines and phenanthrolines, with the same 
polymers. 

. " A complication associated with air-oxidizable mediatois arises if the 
air oxidation of the redox mediator is so fast that a substantial portion of the analyle- 
reduced redox mediator is oxidized by during an analyte assay. This will resuU in 
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an inaccurate asfsay as the amount of analyte will be underestimiated because the 
mediator will be oxidized by the oxidizer rather than by electrooxidation at the 
electrode. Thus, it is preferred that the reaction of the redox ihediator with 
proceeds more slowly than the electrooxidation of the mediator. Typically , less than 
5 5%, and preferably less than 1%, of the reduced mediator sho\iId be oxidized by the 
oxidizer during an ass^y: 

The ruction rate of the air 03udatioh of the mediator c^ 
contolled through choice of an appropriate complexing polymer.' For exmnple, die 
oxidation reaction is much faster for Os[4,4'-dWeth6xy-2;i*-bipyridine]jCr^^ 
10 coordinatively cbiipled to poly(l -Vinyl imidazole) tiian for the same Os cbrdplex 
coupled to poIy(4-vihyl pyridme). The choice of an appropriate polymer will 
depend on the e}q}ected analyte concentration and tiie potential Applied between tiie 
electrodes, botii of which deternme the rate of the electrochem^ 

Thus, in one embodiment of the mvention; the preferred redox 

15 mediatoir has the foUbwing characteristics: 1) the mediator does not react with any 
molecules in the sample or in the sensor other than the analyte (optionally, via a 
second electron transfer agent); 2) nearly all of the redpx mediator is oxidized by an 
oxidizer such as Oj prior to introduction of the sample m the sensor; and 3) the 
oxidation of the redox mediator by the oxidizer is slow compared to the 

20 electrooxidation of the mediator by the electrode. 

Alternatively, if the redox mediator is to be oxidized in the presence 
of the analyte iahd electroredticed at the electrode, a redticer rather than an oxidizer 
would be required. The same considerations for the appropriate choice of reducer 
and mediator apply as described hereinabove for the oxidizCT^ 

25 The use ofstable air-oxidizable redox mediators in the 

electrochemical sensors of the invention provides an additional advantage during 
storage and packaging^ Sensors ofthe invention which include air bxidizable redox 
mediatdrs can be packaged in an atmosphere containing molecular oxygen and 
stored for long periods of time, e.g., greater tiian one month, while maintaining more 

30 than 80% and preferably more than 90% of the redox species in the oxidized state. 
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Optical Sensors 

The dir-oxidizable redox species of the present invention can be used 
in other of sensprs. The osmium complexes described hereinafx>ve are suitable - 
for use in optic^ sensors, due to the difference in thei absorption spectra and 
5 fluorescence characteristics of the completed Os*^ and Os*^ species. Absoiption, 
transmission, reflection, or fluorescrace misasurements of the redox 
coirdiate with the amount of analyte in the sample (after reaction between an abalyte 
and the redox specie^, either directly, or via a second electron transfer agent such as 
an enzyme). In this configuration, the molar amount of redox mediator should be 
10 greater, on a stoichiometric basis^ than the molar amount of analyte reasonably 
expected to fill the measurement zone of the sensor. 

Standard optical sensors, includmg ligh^guidmg optical fiber se 
and measurement techniques can be adapted for use with the air-oxidizable 
mediators For example, the optical sensors of the invention may include a light- . 

15 transmitting or light reflecting support on which the air-oxidizable r^ 

arid preferably an analyte-responsive enzyme, is coated to form a fihn. The support 
film forms one bpiindary for the measurement zone in which the sarnple is placed. 
The other boundaries of the measurement zone are determined by the configuration 
of the cell. Upon filling the measurement zone with an analyte-^containing sample, 

20 reduction of the air-oxidizable mediator by the analyte, preferably Via reaction with 
the analyte-responsive enTyme, causes a shift in the mediator's oxidation state that is 
detected by a change in the light transmission, absorption, or reflection spectra or in 
the fluorescence of the mediator at one or more wavelengthsof 11 

25 Multiple Electrize Sensors and Calibration 

Multiple electrode sensors may be used for a variety of reasons. For 
example, multiple electrode sensors may be used to test a variety of analytes using a 
single sample. One embodiment of a multiple electrode sensor has one or more 
sample chambers which in turn may contain one or more working electrodes 22 with 
30 each working electrode 22 defining a different measurement zone. One or more of 
the working electrodes have the appropriate chemical reagents, for example, an 
appropriate enzyme, to test a first analyte and one or more of the remaining working 
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electrodes have appropriate chemical reagents to test a second analyte. For example, 
a multiple electrode sensor might include 1) one or more working electrodes having 
glucose oxidase in the sensing layer to determine gliicose concentration and 2) one 
or more working electrodes having lactate oxidase in the sensing layer to determine 
5 lactate concentration. Other combinations are aliso possible* 

Multiple electrode sensors may also be used to improve the precision 
of the resulting readings; The measurements from each of the working electrodes 
(all or which are detecting the sfame analyte) can be averaged together to obtain a 
more precise reading. In some cases, measurements may be rgeeted if the . 

10 dififereiic^ between the value and the average e^^^ 

threshold limit ihay be, for example^ determined based on a statistical parameter, 
such as the standard devisktion of the averaged measurements. The average may then 
be recalculated while omitting Ae rejected valu^. Furthermore, subsequent 
readioigs.from an electrode that produced a rejected value may be ignored in later 

15 tests ifit is assumed that |he particular electrode is faiii^ 

electrode may be rejected only after having a predetermined number of readings 
rejected based on the readings from the.pther electrodes. 

In addition to using multiple electrode sensors to increase piecision, 
multiple measurements may be made at each electrode and averaged together to 

20 increase precision. This technique may also be used with a single electrode sensor to 
increase precision. 

Errors in assays may occur when mass produced sensor are used 
because of variations in the volume of the measurement zone of the sensors. Two of 
the three dimensions of the measurement zone, the length and the width, are usually 

25 relatively large, between about 1-5 mm. Electrodes of such dimensions can be 
readily produced with a variance of 2% or less. The submicroliter measurement 
zone volume requires, however, that the third dimension be smaller than the length 
or width by one or two order of magnitude. As mentioned hereinabove, the 
thickness of the sample chamber is typically between about 0.1 and about 0.01 mm. 

30 Manufacturing variances in the thickness may be as large or largiar than the desired 
thickness. Therefore, it is desirable that a method be provided to accommodate.for 
this uncertainty in the volume of sample within the measurement zone. 
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In one embodiment of the invention, depicted in Figure 5, multipile 
working electrodes ,42, 44, 46 are provided on a base material 48. These electrodes 
are covered by another base, not shpwn, which has couhter electrodes, not shown^^ 
disposed upon it to provide multiple facing electrode pairs. The variance in thet 
5 . separation distance between the working electro^ 

the electrode pairs on a given sensor is significantly reduced^ because the working 
electrodes and counter electrodes are each provided on a single base with the same 
spacer 28 between each electrode pair, (see Fig^ 

. Gne example of a multiple electrode sensor that can be used to 
10 accurately detennine the voliune of the measurement zones of the electrode pans and 
. also useM in reducing noise is presented herein. In thi^ 

working electrodes 42 is prepared with a non-leachable redox mediator and a non- 
leachable second electron transfer agent (e.g., an enzyme). Sorbent material may be 
disposed between that working electrode 42 and its corresponding counter electrode; 

15 Another working electrode 44 includes non-leachable i^edbx mediator, but no second 
electron transfer agent on the electrode. Again, this second electrode pan may have 
sorbent materia] between the working electrode 44 and the corresponding counter 
electrode. Aji optional third working electrode 46 has no redox mediator and ho 
second electron transfer agent bound to the electrode, nor is there sorbent material 

20 between the working electrode 46 and its corresponding couhter electrode. . 

The thickness of the sample chamber can be determined by 
measuring the capacitance, preferably in the absence of any flmd, between electrode 
46 (or any of the other electrodes 42, 44 in the absence of sorbent material) and its 
corr^onding counter electrode; The capacitance of an electrode pair depends on 

25 the surface area of the electrodes, the interelectrbde spacing, and the dielectric 
constant of the material between the plates. The dielectric constant of ait is unity 
which typically means that the capacitance of this electrode configuration is. a few 
picofarads (or about 1 OQ picofarads if there is fluid between the electrode and 
counter electrode given that the idielectric constant for most biological fluids is 

30 approximately 75). Thus, since the surface area of the electrodes are known, 

measurement of the capacitance of the electrode pair allows for the determination of 
the thickness of the measurement zone to within about 1 -5%. 
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The amoimt of void volume in the sorbent mat^ 
detennined by measuring the capadtance. between e]^ 

second eiectron transfer agent) and its dissociated counter electrode; both before and 
after fluid is added. Upon adding fluid, the capacitance increases markedly since the 

5 fluid has a much larger dielectric constant. Measuring the capacitance both with and 
without fluid allows the determination of the spacing between the elefctrodes and the 
void volume in the sorbent, and thxis the volimie of the fluid in the reaction zone. 

TTie sensor error caused by redox mediator in a nori-un^^ 
. oxidation state prior to the introduction of the sample cian be measiUred by 

10 concurrently electrolyzing the sample in the measurement 2sones that are proxiihate 
electrodes 42 and 44. At electnxle42» the analyte is electrplyzed to provide the = 
sample signal. At dectrode 44, the analyte is not electrolyzed becau^ of the ■ 
. absence of the second electron transfer agent (assuming that a second electron . 
tf^sfer agent is necessary). However, a small charge, will pass (and a sihall current 

IS will flow) due to the electrolysis of the redox mediator that was in a mixi^ oxidatibh 
state (i.e.; some redox centers in the reduced state and soihe in the oxidized state) 
prior to the introduction of the sample. The small charge passed betwiben the - 
electrodes in this second electrode pair can be subtracted from the charge pass^ i 
between the first electrode pair to substantially remove the error diie to the bxidadon 

20 state of the redox mediator; This procedure also reduces the mor associated with 
other electrolyzed interferents, such.as ascorbate, urate, and acetaminophen, as w<ell 
as erit>rs associated with capacitive charging and faradaic ciirrents. 

Other electrode configurations can also use these techniques (i.e., 
capacitance measurements and coulometric measurements in the absence of a critical 

25 component) to reduce background noise and error due to interferents and imprecise 
knowledge of the volume of the interrogated sample. Protocols involving one 6r 
more electrode pairs and one or more of the measurements described above can be 
developed and are within the scope of the invention. For example, only one 
electrode pair is needed for the capacitance measiirehients, however, additional 

30 electrode pairs may be used for convenience. . 
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'EXAMPLES ■ 
The invention will be fuilher cha^ 
examples. These examples are not meant to limit the scope of the invention which 
has been fully set forth in the foregoing description: Variations vvithin the concepts 
1 oftheinvMition ace apparent to those skilled in the art 



Example 1 . ■ 
iPreparation of a Small Volume in vitro Seaaat 
for the Determination of Glucose Concentration 



20 



A sensor was constnict^d coriBsponding to the emb<^iment of the 
invention depicted in Figure i. The woHdng electrode \WasconstnKted on a Mylar?*^ 
film (E)uPont)>e Myl»™ film having a thickness of 01175 nm 
about 2.5 cm. An approximately 12 micron thick darbbn pad having a diameter of 
1 5 about 1 cm was screen printed on the Mylar'^film. . The carbon electrode was 

oy^aid with a water-insoluble.dielectric insukitor (Insulayer) having a thickness of 
12 )wi, and ii 4 mm diametd- op«^ in die center. 

The center of the ciatrbon electrode^ which was not covered by the 
dielectric, was coated with a redox mediator. Tlie redox mediator v«s formed 
complexing poly(l-vinyl imidazole) with Os(4,4'-dimethoxy-2,2*-bipyndine)jClj 
followed by cross-linking glucose oxidase with the oshrium polym» 
polyethylene glycol diglycidyi ether as desCTbed in Taylor, et al., J:^£^^^ 
Chem.. 396:51 1 (1995). The ratio of oanium to imidazole functionalities in the 
redox mediator was approximately 1:15. The mediator was deppa^^^^ 
25 working electrode in a layer having a thickness of 0.6 fun and a diameter of 4 ram. 
The coverage of the mediator on the electrode was about 60 ^ig/cm^ (dry weight). A 
spacer m^erial. was placed on the electrode surrounding the mediator-covered 
surface of the electrode. The spacer was made of poly(tetrafluoroethylene) (PTFE) 
. and had a thickness of about 0.040 nun. 

A sorbent material was placed in contact with the mediator-covered 
surface ofthe working electrode. The sorbent was made of nylon (TetkoNitex 
nylon 3- 1 0/2) and had a diameter of 5 mm, a thickness of 0.045 mm, and a void 
volume of about 20%. The volume of sample in the measurement zone was 
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calculated fit>m the dimensions and characteristics of the sorbent and the electrode. 
The measurement zone had a diameter of 4 mm (the diameter of the mediator 
covered siirface of the electrode) and a thickness of 0.045 mm (thickness of the 
nylon sorbent) to give a volimie of 0.57 ^iL. Of this space, about 80%Svas filled' . 
5 with nylon and the other 20% was void space v^thin the nylon sorbent This 
resulting volume of sample within the measureihent zone vras about 0. 1 1 \iL. 

A counter/reference electrode was placed in contact with the spacer 
. and the side of the sorbent opposite to the working electrode so that the two 

electrodes were facing each other. The counter/reference electrode was constructed 
10 on a Mylar™ fibn haymg a thickness of 0; 1 75 mm and a diameter of about 2.5 cm 
onto which a. 12 micron thick layer of silver/silver chloride having a diameter of 
ai)OUt 1 cm was screen printed; . .1 

The elec^odes, sorbent, and spacer were pressed together using plates 
on either side of the electrode assembly: The plates were formed of polycarbonate 
15 pl^c wd were securely clamped to k The electrodes were 

stored in air foir 48 hours prior to use. 

Tabs, extended from both the v^orking electrode and the 
counter/reference electiode and provided for an electrical contact with' the analyzing 
equipment. A potentiostat was used to apply a potential difference of +200mV 
20 between the working and counter/reference electrodes, with the working electrode 
being the anode. There was no current flow between the electrodes in the absence of 
sample, which was esfpected, as no conductive path between the electrodes was 
present. 

The sample was introduced via a small tab of nylon sorbent material 
25 formed: as an extension from the nylon sorbent in the sample chamber. Liquid was 
wicked into the sorbent when contact was made between the sample and the sorbent 
tab. As the sample chamber filled and the sample made contact with the electrodes, 
curroit flowed between the electrodes. When glucose molecules in the sample came 
in contact vrith the glucose oxidase on the working electrode, the glucose molecules 
30 were electrdoxidized to gluconolactone. The osinium redox centers in the redox 
mediator then reoxidized the glucose oxidase. The osmiiim centers were in turn 
reoxidized by reaction with the working electrode. This provided a current which 



was measured and simultaneously integrated by a coulometer. (EG&G Princeton 
Applied Research Model #173) 

The electrochemiqal reactioii condhu^ until the curreut reach^ a 
steady state value which indicated that jgrieater flian 95% of the glucose had been 
electroreduced. The cunent curve obtain^ by measurement of the curteht at 
specific intervals was mtegrated to determine the anriount of charge passed during 
the electrochemical reaction. These charges were then plotted versus the known 
glucose concentration to produce a calibration ctirvel 

The sensor was tested using 0.5 fiL aliquots of splution3 containing 
Known concenlratioiw of glucose in a hvffpr of artificial c»ebrospihal ifluid or in a 
control serum (Baxter.Dade, Monitrol Level 1, Miami, FL) in the range of 3 to 20 
mM glpcose. the artificial cerebrospinal fluid was prepared as a mixture of the 
following salts: i26mM NaCl, 27.5 mM NaHCOa, 2.4 ^iMKCl, 0.5 mM KH2PO4, 
1 J mM CaCl2:2HA and 0.5 mM NajSO^. 

The resultsoftheahalysesareshownin Table 1 andinFigwe J. In 
Table 1 , Q^^^ is the average charge used to electrolyze the gjucose in 3-6 identical 
test samples (Figure 7 graphs the charge for each of the test samples) and the 90% 
rise time corresponds to the amount of time required for 90% of the glucose to be 
electroly zed. The data show a sensor precision of 1 0- 20%, indicating adequate 
sensitivity of the sensor for low glucose concentrations, as well as in the 
physiologically relevant range (30 ng/dL - 600 jig/dL). 
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TABLE 1 
Sensor Results Using Glucose Oxidase 









' p^V/.O lipC;.UlJUC;:\ . 








V.-,. . : : '■{ ;j •' T . v' . • 


buffer only 


■■: 4 


9,9 ± 1.8 


U -C- U 


3 mM glucose/buffer 


■ 5 • •■ . 


17.8 dk 3.5 


10+ ^ 


6 mM glucose/buffer 


4 


49.4 ±4.9 


25± 3 


1 9 mM glucose/buffer 


6 


96.1 ± 12.4 


36±17 


15 mM glucose/buffer 




205.2 ±75.7 


56 ±23 


20 mM glucose/buffer 


4 ■ 


255.7 ±4L0 


62 ± 17 






■ •' .• :....r ':•:•.'.••:> 
• . .... ri-.. 




4.2 mM glucose/serum ° 


• • .3 


..44:2± 4;3 


.44± 3 


.15.8 mM glucose/serum 


3 


21 8.2 ±57.5 


72 ±21 



^ average measured values of glucose conc^^^ 

one or more equations to provide a calibration curve. Figure 8 shows the calibration 
cun^es fortheglucbse/buffCT data of Table l.^C^^^ 

measurements was omitted from these calculations because it was more than two 
standard deviations away from the average of the measuremoits. The higher glucose 

1 d concentration^ (1 0-20 mM) were fit by a linear equation. The lower glucose 
concentrations were fit by a second order polynomial. 

Figure 9 shows the data of Table 1 plotted on an enror grid developed 
by Clarke, et 3l. Diabetes Care, 5, 622-27, 1987; for the detemiination of the 
outcome of enors based on inaccurate glucose concentration detCTiiination. The 

15 . graph plots "true" glucose concentration vs. measured glucose concentration, where 
the measured glucose concentration is determined by calculating a glucose 
concentration usinjg the calibration curves of figure 8 for each data point of figure 7. 
Points in zbne A are accurate, those in zone B are clinically acceptable, and those in 
zones C, D, and E lead to increasingly inappropriate and finally dangerous 

20 treatments. 

There were 34 data points. Of those data points 91% fell in zone A, 
6% in zone B, and 3 % in zone C. Only one reading was determined to be in zone 
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C. This reading \vasoif-5caIe and.is not sho\^ Thus, 97% of the 

readings fell in the clinicaliy acceptable zones A and B. 

The total number of Os atoms was determined by reducing all of the 
. Osandthenelectroo>udiangitwithaglucose-fr^^ 
5 This resulted in a charge of 59:^ ± 5.4 jiC. Coniparison of this result with Ae 

glucose-free buffer resuh in Table I indicated that less than 20% of the Os is in the 
reduced form prior to introduction of thte sample. The variability in the quantity of 
oismium in the reduced state is less than 5% of the total quantity of osmium present. 

10 . ExampleZ 

Response of the Glucose Sensor to Interferents 

\ A sensor constructed in the same manner as described aboVe for 

Example 1 was used to determine the sensor -s response to interferents. The primaiy 
1 5 electrochemical interferents for blood glucose measurements are as(i6tbate, 

acetaminophen, and urate. The noimal physiological or therapeutic (in the case bf 
acetaminophen) concentration ranges of these common interferents are: 
ascorbate: 0.034- 0.114 mM ' 
acetaminophen: 0.066 - 0.200 mM 
20 urate (adult male): 0.27- 0.47 rpM 

Tiet^ in: Textbook o/Clmical Chemistry, CX Burtis and E.R. Ashwood, eds! , W.B. 
Saunders Co., Philadelphia 1 994, pp. 221 0-12. 

Buffered glucose-iree interferent solutions w^ tiested with 
concentrations of the mterferents at the high end of the physiological or therapeutic 

25 ranges listed above. The injected sample volume in each case was 0.5 jiL. A 

potential of +100 mV or +200 mV was applied betwera the electrodes. The average 
charge (Q,,^ was calculated by subtracting an average background current obtained 
from a buffer-only (i.e., interferent-iree) solution from an average signal recorded 
with inteiierents present. The resulting average charge was compared with the 

30 signals from Table 1 for 4 mM and 1 0 mM glucose concentrations to determine the 
percent errdr.that would result from the interfered. 
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TABLE,2 

Interferent Response of Glucose Sensors 













Errbr ^-1 0-: 
►rijM.^coiie'' 


u.i 14 mM ascorbate • 


100 


4 


0.4 


2% 


<1% 


0. 1 1 4 mM ascorbate 


200 


4 


-6.5 


2% 


<1% 






• . ' • 








0.2 mM acetaminophen 


100 


4 


0.1 


<1% 


<1% 


0.2 mM acetaminophen 


200 


4 


1.0 


5% 


1% 














0.47 mM urate 


100 


4 


8.0 


30% 


7% 


0,47 mM urate 


200 


4 


18.0. 


90% 


21% 



^ T^^p.results indicated that ascorbate an^^ 

significant interferents for the glucose sensor configuration, especially for low 
potential measurements. However, urate provided significant interference. This 
interference can be minimized by calibrating the sensor response to a urate 
concentration of 0.37 mM, e.g.i by subtracting an appropriate amount of charge as 
10 determined by extrapolation firom these ri^ 

sensor. The resulting error due to a 0.10 mM variation in urate concentration (the 
r^ge of urate concentration is 0^7 - 0.47 in an adult male) would be about 6% at 4 
mM glucose and l OOniV. 

Example 3 
Sensor with Glucose Dehydrogenase . 
A sensor similar to that described for Example 1 was prepared and 
used for this example, except that glucose oxidase was replaced by pyrroloquinoline 
quinone glucose dehydrogenase and a potential of only +1 00 mV was applied as 
20 opposed to the +200 mV potential in Example 1 . The results are presented in Table 
3 below and graphed in Fig. 10. 
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TABLE3 

Sensor Results Using Glucose Dehydrogenase. 











buffer 


4 


21.7 ± 5.2 


14±3 \ 


3 mM glucose/buffer 


4 


96.9 ±15.0 


24±6 


6 mM glucose/buffer 


4 


190;6±18.4 


26 ±6 


] 0 tnM glucose/buffer 


4 


327.8 ±69.3 


42 ±9 



Tte resulte mdicated lhat the charge obtained 
dehydrogenase sensor was much largrar than for thie comparable glucose oxidase 
sensor, «q)ecia% for ^concentrations of ghiTOse/ For 4 ^ 
concentratibnsihe measurements obtained by the two sensors differed by a factor of 
five. In addition, the glucose dehydrogenase sensor operated at a lower potential, 
thwby reducmg the effects of interferent re*:tions. 

in addition, the resulteWTable 3 were all fit by a linear cal^^ 
curve as opposed to the results in Ejcample 1, as shown in Fig. 10. A single linear 
calibration curve is greatly preferred to simplify sensor construction and operation. 

Also, assuming Aattheinterfererit results fiom Table 2 are applicable 
for this sensor, all of the inteiferrats would introduce an wror of less than 7% for a 3 
mM ghicose solution at a potential of 1 00 mV. 



20 
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Example.4 

D«teminAtion of lactate Gdncditratlon in a nnid Strbani 

The sensor of this Example was constructed using a flow cell 
(BioAnalytical Systems, Inc. #MF-1025)with a glassy carbon electrode. Aredox 
mediator was coated on the electrode of the flow cell to provide a working electrode. 
In this case, the redox mediator was a polymer formed by complexing poly(l. Vinyl 
imidazole) with Os(4,4'-dimcthyl-2,2Vbipyridine)jClj with a ratio of 1 osmium for 
every 15 imidazole functionalities. Lactate oxidase was cross-linked with the 
polymer via polyethylene glycol diglycidyl ether. The mediator was coated onto the 
electrode with a coverage of 500 Mg/cm' and a thickness of 5 pm. The mediator was 
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covered by a polycarbonate track-etched membrane (Osnionics-Poretics #1 0550) to 
improve adherence in the flow stream. The membrane was then overlaid by a single 
50 ]nn thick spacer gasket (BipAnalytical Systems, Jnc. #MFr 1062) containing a 
void which defined the sample chamber and corresponding measuremient zone. 
5 Assembly of the sensor was completed by attachment of a cell block (BioAnalytical 
Systems, Inc. #MF- 1005) cohtaining'the reference and auxiliary electrodes of the 
flow cell. 

The sample chamber in this case corresponded to'a 50 pm thick . 
cylinder (the thicluGiess of the spacer gasket) in contact with a media^^ 

10. electrode having a surface area of 0.03 1 cm^ The calculated volume of sample in 
the measurement zone of this sensor , was approximately 0. 1 6 pL. 

The flow rate of the fluid stream was 5 .pL/min. A stan^rd three 
electrode potentiostat was attached to the cell leads and a potential of +200 niV was 
applied between the redox mediator-coated glassy carbon electrode and the reference 

15 electrode. This potential was.sufficient to drive the enzyme-mediated oxidation of 
lactatel . . ' 

As the fluid stream flowed through the sensor, a steady-state cuirbit 
proportional to the lactate concentration was measured. At periodic intervals the 
fluid flow was stopped and current was allowed to flow between the electrodes until 

20 approximately all of the lactate in the measurement zone was electrooxidized, as 
indicated by the achievement of a stabilized, steady-state current. The total charge, 
Q, required for lactate electrooxidation was found by integration of the differential 
current registered from the flow stoppage until the current reached ^a steady-state. 
The concentration was then calculated by the following equation: 

25 [lactate] = Q/2FV (4) 

■ where V is the volume of sample within the measurement zone and F is Faraday's 
constant. . 

This assay was performed using lactate solutions having nominal 
lactate concentrations of 1 .0, 5.0, and 1 0.0 mM. The measured concentrations for 
30 the assay were. 1 .9, 5.4, and 8.9 mM respectively. 
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Examples. 

Determination of the Oxidation State of Os(4,4'-dimethoxy-2^». 
bipyridine)jCr''^ Complexed with poly(] -vinyl imidazole) 

A sensor having a three electrode design was commercially obtained 
from Ecossensors Ltd., Long Hanborough, England, imder the model name "large 
area disposable electrode". The sensor contained parallel and coplanar working, 
reference and coimter electrodes. The worldng surface area (02 cin^ and cou^te^ 
10 electrodes were formed of printed carbon and the reference electrode was formed of 
printed Ag/AgCl. A redox mediator was coated on the carbon working electrode. 
The fedox mediator was formed by complexation of poly(l-vmyl imidazole) with 
Os(4,4'~dimethoxy-2,2'-bipyridine)2Cl2 in a ratio of 15 imidazole groups per Os 
cation followed by cross linking the osmium polymer with glucose oxidase using 
15 polyethylene glycol diglycidyl ether. 

llie electrode cured at room temperature for 24 hoiu^^ The 
coplanar electrode array was then mmiersed m a biiffered electrolyte solution, and a 
potential of +200 mV (sufficient fof conversion of Os(II) to Os(ilI),) was applied 
between the worldng electrode and the reference electrode. 

Upon application of the potential, an undetectable charge of less than 
1 was passed. Subsequent reduction and reoxidation of the redox mediator 
yielded a charge for conversion of all Os from Os(II) to OsqH) of 65 fiC. Therefore, 
more than 98% of the Os cations in the; redox niediator were in the desired oxidized 
Os(III) state. 
25 • 



20 
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Example 6 

Determination of the Oxidation State of the Os(4,4'"dimethoxy-2^'- 
bipyridiniB)2Cr'*^ Complexed with poly(4-viiiyl pyridine) 

A similar experiment to that of Example 5 was conducted with the 
same working/counter/reference electrode configuration except that the. redox 
mediator on the working electrode was changed to a complex of Os(4,4*-dimethoxy- 
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2,2'-bipyridine)2Cl2 with poly(4.vinyl pyridine), with 12 pyridine groups per Os 
cation, cross linked with glucose oxidase via polyethylene glycol diglycidyl ether. 

Two sensors were constructed. The electrodes of the two sensors 
were cured at room temperature ifor 24 hours. The electrodes were then immersed m 
5 ^ buffered electrolyte solution and a potential of +200 mV was applied between the 
working and reference electrodes. 

. Upon application of th6 potential to the electrodes, a charge of 
and 3.8 was passed m the two sensors, respectively. Subsequent reduction Mid 
reoxidation of the redox inediators yielded pxidation charges of 27.9 jiC and 28.0 
10 nC respectively. Therefore, the sensors origmaily contained 91% 
Os cations in the desirable oxidi^ Os(III) state. 



15 



Example? 
Optical Sensor . 



An optical sensor is constructed by applying a fihn of redox polymer 
with crosslinked enzyme onto a light-transparent support such as a glass slide. The 
quantity of redox mediator is equal to or greater than (in a stoichiometric sense) the 
maximum quantity of analyte expected to fill the measurement zone. Thci spacer 

20 material, sorbent and facing support are securely clamped. The sample chamber is 
adapted to transmit light through the assembled sensor to an optical density detector 
or to a fluorescence detector. As sample fills the sample chamber and the redox 
mediator is oxidized, changes in the absorption, transmission, reflection or 
fluoi:escence of the redox mediator in the chamber are correlated to the amount of 

25 glucose in the sample. 

Examples 

Blood Volumes from Upper Arm Lancet Sticks 

30 The forearm of a single individual was pierced with a lancet multiple 

times in order to determine the reproducibility of blood volumes obtained by this 
method. Despite more than thirty lancet sticks in the anterior portion of each 
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forearm and the dorsal region of the left forearm, the individual ideiitified each stick 
as virtually painless. - . 

The forearm was pierced vrith a Payless Color Lancet. The blood 
firom each stick was cbllected using a 1 jjL capillary tube, and the volume was 
5 determined by hieasuring the length of the blood column^ 
from each stick are shown below ill Table 4. 



Tablc4 
Voiume of Lancet Sticks 





LeiiiAigrior. 
Foisa>p,(aL) 


Fcsr^ann, (nL) 




1 


180 


190 


180 : 


2 


: 250 


180 


300 


3 


170 


120 


310 


4 


150 


100 


300 


5 


100 


210 


60 


6 


50 


140 


380 ; 


7 


90 


120 


220 


8 


130 


140 


200 


9 


120 


100 


380 


10 . 




100 


320 


11 






260 


12 






250 


13 






280 


14 






260 


Avg. 


1381S8iiL 


140±40nL 


264±83nL 



' ^ The invention has been described with reference to various specific 

and preferred embodiments and techniques. However, it will be apparent to one of 
ordinarily skill in the art that many variations and modifications may be made while 
remaining within the spirit and scope of the invention. 

All publications and patent applications in this specification are 
1 5 indicative of the level of ordinary skill in the art to which this invention pdtains. 
All publications and patent applications are herein incorporated by reference to the 
same extent as if each individual publication or patent application was specifically 
and individually indicated by reference. 
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1. A method for detennining a concentration of an aiial)^^ 
comprising the steps of: 

contacting a sample with an electrochraiical sensor coinpriang: 

a facing electrode pair comprising a working electrode iahd a counter 

electrode; and * 

a sample chamber for holding the sample in electrolytic contact with 

the working electrode, the sample chamber comprising a measurement zone 

positioned between the worldhg and counter electn>des^ 
. measurement zone is sized tp contain a vohurie of less than about 1 pL of 

sample; and. 

determuung the concentration of the analyte in the sample by ra^ 

2. The method of claim 1, wharein the measurement zoine is sized to contain a 
volimie of less than about 0.5 pL of sample. 

3.. The method of claim 2, wherein the nieasurenienl: zone is sized to contain a 
volume of less than about 0.2 pL of sample. 

4. The method of claim 3, wherein the measurement zone is sized to contain a 
volume ofless than about 0.1 pL of sample. 

5. The method of claini 1 » wherein the sample chamber is sized to contain a 
volume of less than about 1 pL of sample. 

6. The method of claim 5, wherein the sample chamber is sized to contain a 
volume of less than about 0.5 pL of sample. 

7. The method of claim 6, wherein the sample chamber is sized to contain a 
volume of less than about 0.2 *pL of sample. 
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8. The method of claim 1, wherein the step pf determining the concentration 6f 
the anafyte cofliqprises: 

electrolyzihg at least 90% of analyte present in ft^ 
applying a potaitial aabsj the working and counter electrodes; 

determiimg an electrical ch^ge used to electrolyze the analyte; M^^^ 

coif elating the efcctrical charge with the concentration of the a^^^^ 
sample. 

9. 'I^e method ofclaim 8, wherein at lea^^ 
lesis than about 5 minutes. 

10. The method ofclaim 9, wherein at least 9^^^^ 
less than about I minute. 

1 i. The method of claim 8, wherein the step of detemining an electrical bharge 
. comprises the steps of : 

measuring a current generated at the working electrode at two or more times 
as the analyte is electrolyzed; and 

integrating the measured currents over time to obtain the electr^ 
Used to electrolyze the analyte. 

12. The method of claun 1, wherdn the step pf determining the concentra^^ 

the analyte by coulometry comprises the steps of: 

electrolyzing a portion of the analyte by applying a potential across the 

working and the counter electrode; 

measuring a cuirent generated at the woricing electrode attwo or more times 

during the electrolysis- 
extrapolating a cunrent curve based on the measured currents; 

integrating the cunent curve over time to obtain an electrical charge 
necessary to electrolyze at least 90% of the analy le; and 
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correlating the electrical charge with the concoittation of ibe analyte in the 
* sample. 

13. . The method of claim 1 , wherein the s^ensor further comprises a noh-leachable 
enzyme on the working electrode. 

14. The method of claim 13, wherein the enzyme is. immobilized on the working 
electrode. 

1 5. The method of claim 1, wherein the sensor furtfa^ comprises a noh-leachable 
. redox mediator on the workmg electrode. 

.16. The method of claim 15, wherein the redox rhediatbr is immobilized on the 
working electrode. 

1 7. The method, of claim I S, wherein the redox mediator comprises a polymer 
and a redox species ionically, covalently, or coordinatively boimd to the polymer: 

1 8. The method of claim 1 7, wherein the redox species is coordinatively boimd 
to the polymer. 

1 9. The method of claim 1 5, wherein the redox mediator comprises an air- 
oxidizable redox mediator. ; 

20. The method of claim 1 9, wherein the air-oxidizable redox mediator 
comprises Os[4,4'-dimethoxy-2;2'-bipyridine]2Cr'*^ or Gs[4,7-dimethoxy-l,10- 
phenanthrolinejjCl^^ complexed with poly(l -vinyl imidazole) or poly(4- 
vinylpyridine). 

2 1 . The method of claim 1 5, wherein at least 90% of the redox mediator is in an 
oxidized state prior to introduction of the sample in the sensor. 
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22.. The method, of claim IS, where^ 

leachable second electron transfer agent on the workin 

23. The method ofclaim 22, wherein the second 
immobilized on the working electrode.. 

24. ^ The method of claun 22, wherein the second electron transfdr agent 
comprises an enzyme. 

25. The.method of claim 24, wherein the analyte is glucose.. 

26. The method of claim 25, wheremtl^ enzyme is a glucose o»^ 

27. The method of claim 1 , wherein the sensor iiirther comprises sbrbent 
material disposed in the measurement' zone. 

28. The method of claim 27, wherein the step of contacting the sample with an 
electrochemical sensor further comprises contacting the sample with the sorbent 
material to wick the sample into the measur^ent zone. . . 

29. The method of claim 1 , wherem the working electrode and counter electrode 
have a separation distance of less than about 0.2 inm. 

30. The method ofclaun 29, wherein the sq>aratiohdistm 
0.1 nim. 

31. , The method of claim 30, wherein the separation.distance is less than about 
0.05 mm. 



32. The method of claim 1 , wherein the sensor comprises two or more facing 
electrode pairs. 
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33. A method ofdetermining the concentration of an an^^ 

comprising the steps of: / . 

contacting a sample with an electrochemical sensor, wherein the sensor 
comprises a working electrode, a non-leachable redox mediator on the working 
electrode, and a sample chamber sized to contain a volume of less than about 1 of 
sample in electrolytic contact with the working electrode; and 

determining the concentration of the analyte in the sample by coulbmetry. 

34. The method of claim 33, wherein the sample chamber is sized to pontain .a 
volume ofless than about O.S)iL of sample. 

35. The method of claim 34, wherein the sample chamber is sized to contaiii a 
volume of less than about 0.2 >iL of sample. 

36. The method of claim 33, wherein the redox mediator is immobilized on the 
working electrode. 

37. . Theniethc^of claim 33, wherein the siensor further comprises a 
leachable second electron transfer agent on the working electrode. 

38. The niethod of claim 37, wherem the second electron transfer agent is 
immobilized on the working electrode. 

39: The niethod of claini 37, wherein the second electron transfer agent 
comprises an enzyme. 

40. The method of claim 33, wherein the sensor further comprises a sorbent 
material within the sample chamber to reduce the volume of sample that the sample 
chamber is sized to hold. 

41 . The method of claim 33, wherein the redox mediator comprises a transition 
metal complex. 
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42. The method of claim 41 , wherdh the transition metal complex is an osmium, 
ruthenium, iron, or cobalt complex. 

43. The method of claim 42, wherein the transition metal complex comprises ait 
osmiimi complex. 

44. The method of claim 43, wherein the osmium complex comprises osmium 
complexed with at least one ligand having a nitrogen-containing heterocycle; 

45. The method of claim 44, wherein the ligand having a nitrogen-containiiig 
heterocycle comprises 2,2'-bipyridine, 1,10-phenarithroline, or a derivative thereof. 

46. The method of claim 45,.wherein the ligand bavinga nitrogen^n^inihg 
heterocycle comprises a mono-, di-, or polyalkoxy derivative of 2,2'-bipyridine or 
1,10-phenanthroline, wherein the carbon to oxygen ratio of the alkoxy functional 
groups is sufficient to retain solubility of the lransfitipn metal complex in water prior 
to crosslinking. 

47; The method of claim 45, wherein the nitrogen-containing heterocycle 
comprises 2^*-bipyridine, 4,4'-dimethyl-2,2*-bipyridine, 4,4'.-dialkoxy-2,2*- 
bipyridine, l,10-phenanthrolinef,4,7-dimethylrl,10-phenanthrolm^ 
1 ,1 (Kphenantlm)line, vAerein the carbon to oxygen ratio 

groups is sufficient to retain sohibility of the transition metal complex in water prior 
to crosslinking. . 

48. The method ofclaim 43, wherein the osmium complex comprises osmium 
complexed with a polymeric ligand. 

49. The melhod of claim 48, wherein the polymeric ligand comprises a nitrogen- 
containing heterocycle. 
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50. The method of claim 49, wherein the polymer coniprises poly(4-^^ 
pyridine) or poly(lTvinyl imidazole). . 

51. An electrochemical sensor for determining the concentration of an analyte in 
a sample, the sensor comprising: . 

a facing electrode pair comprising a working electrode and.a counter 
electrode; 

a hon-Ieaichable redox mediator on the working electrode; and 

a measurenient zone positioned between the working electrode and counter 

electrode, wherein the measurement zone is sized to contain a volume of less than 

about I pL of sample... 

52. The sensor of claim 51 , wherein the measurement zone is sized to contain a 
volume of less than about O.S pL of sample. 

53. The sensor of claim 52^ wherein the measun^enit zone is sized to contain a 
vplunleoflessthm about 0.!2pL of saniple. 

54. The sensor of claim 53, wherein the measurement zone is sized to contain a 
volumeof less than about 0.1 ^iL of sample. 

55. The sensor of claim 51, wherein the redox mediator is immobilized on the 
working electrode. 

56. The sensor of claim 5 1 , wherein the redox mediator is an air-oxidizable . 
redox mediator. 

57. An electrbchemical sensor comprising: 

two or more facing electrode pairs, each electrode pair comprising a working . 
electrode, a counter electrode and a measurement zone disposed approximately 
between the working and counter electrodes, wherein the measurement zone is sized 
to hold less than about 1 of sample; and 
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non-leachablb redox mediator on the working electrode of at least one of the 
. electrode pairs. 

58. The sensor ofclatih 57, wherein the redox mediator is imm^^^ 
working electrode of at least one of the electrode pairs, 

59. The sensor of claim 57, Mdiereih the measurement zone of at least one of the 
electrode pairs is sized to hold less than about 0.5 pL oif sample. 

. 60. The sensor of claim 59, wherein the measurement zone of at least one of the 
electrode pairs is sized to hold les:$ than about 0.2 pL of sample. 

61 . The sensor of claim 60, wherein the measurement zone of at least one of the 
electrode pairs is sized to hold less than about 0.1 nL of sampled 

62. The sensor ofclaim 57, wherein at least one electrode pair cc^mprises a . 
working electrode including non-leachable en:^me and redox mediator, and wherein 
at least one electrode pair comprises a working electrode including non-leachable 
redox mediator in the absence of the enzyme. . 

63. The sensor of claim 62, further comprising a third electrode pair having no 
redox mediator or enzyme on the working electrode. 

64: The sensor ofclaim 57, iurther comprising sorbentmatmal dispose 
measurement zone of at least one of the.eiectrode pairs: 

65. The sensor of claim 57, wherein the redox mediator is an air-oxidizable 
redox mediator. 



66. An electrochemical sensor for determining the concentration of an analyte in 
a sample, the sensor comprising: 
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a facing electrode pair comprising a worldngele^ 
. electrode; . . 

a measurement zone positioned between the working electrode and counter 
electrode; ^d 

sorbent material di^sed at least partially within the . 
■ reduce the volume of sample needed to fill the measurement zone; 

wherein the measurement zone is sized to contain a volume of less than . - 
about 1 ^ of sample. 

67. The seiisor ofclaim 66, wherein the measurement ^^^^^ 
volume of less than about 0.5 of sample. 

68. /n^e sensor ofcldm 67, wherein the measuremmt zone 1^ 
volume of less, than about 0.2 of sample. 

69. The Sensor of claun 68, wherem the measurenaent zone is sized to tontain a 
volume ofless than about 6.1 pL of sample. 

70. The sensor of claim 66, wherein the sensor fiuthefr comprises non-leacha^^ 
redox mediator on the working electrode. 

71. The sensor of claim 70, wherein the redox mediator is immobilized on the 
working electrode. 

72. The sensor of claim 66, wherein the sorbent material has a void volume of 
between about 5% and 50% of the total volume of the sorbent material. 

73. The sensor of claim 72, wherein the void volume is about 1 0% to about 25% 
of the total volume of the sorbent material. 



74. An electrochemical sensor for determining the concentration of an analyte in 
a sample, the sensor comprising: 
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a working electrode; 

a non-le^chable iredox m^iator on the working electrode; 

a sample chamber for holding the sample in electix>]yt]c 
working.electrode; and . 

. sorbent material disposed within die sampk^^^ 

^^erein the sample chamber is sized to contain a voliune of less than about 1 
(iLof saniple.. 

75. The sensor of claim 74, wherein the sample chamber is sized to contain a 
volume of less than about 0.5 nL of sample. 

76: The sensor of claim 75, wherein the sample chamber is sized to cont^n a • 
. volume of less than about 0.2 |iL of sample. 

11, A method for determining the concentration of an analyte in a sample^ . 
cdmprismg the steps of: , 

contacting the sample with an electrochemical sensor; the sensor comprising: 

an electrode pair Comprisfing a working electrode and a counter 
electrode; 

a sample chamber for holding the sample in electrolytic contact with 
the working electrode; and . 

a sbrbent disposed within the sample chamber; 

i^erein the sample chamber is sized to hold less than about 1 pL of . 
sample; and .. . 

detennining the concentration of the analyte by coulpmetry. 

78* The method of claim 77, wherein the method further comprises vtdcking the 
sample into the sample chamber using the sorbent material. 

79. The method of claim 77, wherein the electrode pair is a facing electrode pair. 
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80. A sensor for the deteimination of the concentration of an ahalyte in a sample, 
having a volume of less than about 1 pL, comprising: 

a su|>port; and 

an air-oxidizable redox mediator coated.on the support to form a woricing 
surface for contacting sample; 

wherein, at least 90% of the air-oxidizable redox mediator is in aiii oxidized 
state prior to introduction of sample. . 

81. The sensor of claim 80, wherein the air-oxidizable redox inediatpr is 
immobilized on the support 

82. Amethodfordeterminingaconcentrationof ananalyteiri asai^ 
comprising the steps of: 

contacting the sample with a seiisor comprising a support; and an airr . . 
oxidizable redox mediator coated on -the support to fonn a working surface, wherein, 
at least 90% of the air-oxidizable redox mediator is in an oxidized state prior to 
introducUon of a sample; and 

correlating the concentration of the analyte in the sample to a change in 
oxidation state of the redox mediator in the presence of analyte. 

83. The method of claim 82, wherein the sensor is an optical sensoir. 

84. The method of claim 83, wherein the step of correlating the concentration of 
the analyte comprises: 

irradiating the redox mediator with light; 

measuring the response of the redox mediator to irradiation by light; and . 
correlating the concentration of the analyte to the measured response of the 
redox niediator. 

85. The method of claim 84, wherein the step of measuring the response of the 
redox mediator to irradiation by light comprises measuring the absorption of the 
irradiated light by the* redox mediator. 
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86.. The method of claim 84, wherein the step of measuring the response of the 
redox mediator to inadiatioh by light comprises measuring the trfflianittance of the 
irradiated light by die redox mediator. . 

87. The method of claim 84, whiSTCih the step of measuring the response^ 
redox mediator to iriadiation by light comprises ineasuring the fluorescence of the 
redox mediator after irradiation by light. 

88. The method ofclaim 84, wherein the step ofmeasuring the response of the 
redox mediator to inadiation by light comprises ineasuring the reflection of light by 
the redox mediator. 

89. The method ofclaim 82, wherein the sensor is an electrochenrical sensor. 

90. The method of claun 89, wherein the step of correlating the concentration of 
the anajyte comprises: 

applying ah electrical potmtial across the redox mediator; . 
measuring a cmrent at one or more intervals, the current being goierated in 
response to the electrolysis of the redox mediator in the presence of the analyte; and 
correlating the concentration of the analyte to the measured.current 

91. The method ofclaim 82, wherein flie redox mediator comprises a tranation 
metal complex; 

. 92. The method ofclaim 91 , wherein the transition metal complex comprises an 
osmium complex. 



93. The method ofclaim 92, wherein the osmivim complex comprises osmium 
complexed with at least one ligand having a nitrogen-containing heterocycle. 



PCT/US9«/02d52 

58 

94. The method of claim 93, wherein the ligand having a nitrogen-containing 
heterocycle comprises 2,2'-bipyridine, lilO-pheiianthrdline, or a derivative thereof. 

95. The method of claim 94, wherein the ligand having a nitrogbn-containing 
heterocycle comprises a mono-, di-, or polyalkoxy derivative of 2;2'-bipyridine or 
1,1 0-phenanthrolihe, wherem the carbon to oxygen ratio of the alk6xy functional 
groups is sufBcient to retain solubility of the transition metal complex in water^prior 
to crosslinkihg. 

96. The method ofclaim 95; wherein the m^ 

comprises 4,4'-dialk6xy-2,i2*-bipyridine or 4,7KBaft^ . 
wherpin the carbon to oxygen ratio of the alkoxy functional groups is sufficient to 
retain solubility of the transition metal complex in water prior to crosslinking. 

97. The method of claim 96, wherein the nitrogen-containing heterocycle 
comprises 4,4'-dimethoxy-2,2'-bipyridine or 4,7Hiimcthoxy 

98. The method of claim 92, wherein the osmium complex comprises osmium 
compjexed with a polymeric ligand. 

99. The method of claim 98, wherein the polymeric ligand comprises a nitrogen- 
containing heterocycle. 

1 00. The method of claim 99, wherein the polymer comprises poly(4-vinyl 
pyridine) or poly (1 -vinyl imidazole). 

101. The sensor of claim 100, wherein the redox mediator comprises Os[4,4'- 
dimethoxy-2,2'-bipyridine]2Cr'*^ or Os[4,7-dimethoxy-l,10-phenanthrdline]2Cr'*' 
completed, with po]y(l -vinyl imidazole). 



102. The sensor of claim 82, wherein the sensor further comprises a second 
electron transfer agent coated on.the support and in contact with the redox mediator. 
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103. Thesehsor of claim 102, wherpin the second electron transfer agent is an 
enzyme. » . 

1 04: The sensor of claim 102, wherein the second electron transfer agent is 
immobilized on the support 

105 : The sensor of claim 82, lyherein the air-oxidi^^ 
immobilized on the support. 

106. A method for measuring analyte in a patient sample, the method comprising: 
contacting the patient with an analy te ineasuring device, the device 

comprising: 

sample acquisition means for producing a piatient sample; M^^^ 
an electrochemical sensor for measuring analyte in the sample; 
wherein the electrochemicd sensor comprises: 

a facing electrode pair, comprising a working electrode and a 
counter electrode; and 

a measurement zone positioned between the working 

electrode and counter electrode, wherein the measurement zone is 

sized to contain a voliime of less than ai>out 1 pL of sample; 

acquiring a sample using the sample acquisition means; 

transporting a portion of the smnple to the measurement zone 
electrochemical sensor; aodi . 

determining the concentration of the analyte in the sample by coulometry. 

107. The method of claim 106, wherein the sample acquisition means comprises a 
skin-piercing member and the step of acquiring a sample comprises piercing the 
patient's skin to produce a sample. 

1 08. The method of claim 1 07, wherein the skin piercing member comprises a 
lancet. 
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109. The methodofclaim 106, wherein the dec^ 

comprises a sorbent material disposed within the measurement zone of the sensor. 

1 10. The method ofclaim 109, wherein said transporting comprises:, 
wicking the sample into the measurement zone using the sorbm 

111. The method of claim 1 06, wherein the measurernent zone is sized to contain 
a volume of less than about .0.5 )iL ofsample. ; 

1 12. The method ofclaim 1 11, wherein the measurement zone is sized to contain ■ 
a volume of less than about 0^2 |iL of sample. 

1 13. The sensor of claim 1 12, wherein the m^asuremeht zone is sized to contain a 
volumeof less than about 0.1 fiL of sample. . • 

114: The method ofclaim 106, wherein the sensor furtbd^ 
leachable redox mediator. 

115. The method of claim 1 1 4, wherein the redox mediator is an air-oxidizable 
redox mediator. 

116. A method for measuring analy te in a patient sample, the method comprising: 
contacting the patient with an analyte measuring device, the device 

. comprising: 

sample acquisition means for producing a patient sample; and 
an electrochemical sensor for measuring aiialy te in the sample; 
wherein the electrochemical sensor comprises: 
a working electrode; 

non-leachable redox mediator on the working electrode; aiid 
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a sample chamber for holding the sample in electrolytic 
, contectwittitheworldngelectrode»Avh6iein^^^ 

sized to contain a volume of less than about 1 pL of sample; 
acquiring a sample using the sample acquisition means; 
transporting a portion of the sample to the sample chamber of the 
electrochemical sensor; and 

determining the concentration of the analy te iii the sample by coulometry . 
.. . ■ • • ♦ "■ ' " ■ 

117. An analyte measurement device comprising: 

sample acquisition means for producing a patient sample; 
an electrochemical sensor comprising: 

. a facing electrode pair comprising a working electrode and a counter 
electrode; 

. a npn-leachabie redox mediator on the working electrode; and 
a measurement zone positioned between the working electrode and 
counter electrode; 

wherein the measurement zone is sized to contain . a V 
than about 1 pL of sample; and 

transport means for transporting the sample produced by the sample 
acquisition means to the measurement zone of the sensor. 

1 1 8. The device of claim 1 1 7, wherein the sample acquisition means comprises a . 
skin-piercing naember. 

1.19. The device of claim 118, wherein the sldn-pierdng member comprises a 
laiicet 

120. The device of claim 1 17, wherein the redox mediator is inunobilized on the 
working electrode. 

121. The device of claim 1 1 7, wherein the redox mediator is an air-oxidizable 
' redox mediator. . 
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122. TTie deviceofclaim 117, wherein the transport mem^^ 
. .material, a capillary chamber, or a pump. 

123. An analyte measurement device comprising: 

sample acquisition means for producing a patient sample; and 
an electrochemical sensor coupled to the sample acquisition me^ 
comprising: . 

a facing electrode pair comprising a working electrode and a coimter 
, electrode; 

a measurement zone positioned between the working electrode and 
counter electrode; and 

sorbent material disposed within the measurement zone; 

wherein the measurement zone is sized to contain a volume of less 
than aboutl jd of sample; and 

tranqx>rt means for transporting the sample produced by the sa^ 
acquisition means to the measurement zone of the sensor. 

124. The device of claim 123, wherein the tranisport means is the sorbent material. 

1 25. A method for determination of a concentration of an analyte in a sample, the 
method comprising the steps of: 

contacting a sample with an electrochemical sensor comprising: 

first and second electrode pairs, each pair comprising a working . 
. electrode, and a sample chamber for holding the sample in electrolytic 
contact with the working electrode, the sample chainber sized to contain a 
volume of less about 1 \xL of sample; wherein said first electrode pair 
includes a non-leachable redox mediator and a non-leachable enzyme on the 
working electrode; and wherein said second electrode pair includes non- 
leachable redox mediator on the working electrode in the absence of enzyme; 
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irieasuring substantially simult^^ 

current generated at the first electrode pair and a second current generated at the 

second electrode pair; and 

integrating the measured first currents over time to 

integrating the measured second currents over tinie to obtain a second ' 

charge; 

subtracting the second charge from the first chargt to 
charge; and 

conrelating the concentration of the analyte to the noise-r^du 

126. The method of claim 125, whereiii the first and second electrode pairs are 
facing electrode pairs md fiiither comprise a c^ 

zone between the working electrode and counter elf^ctrode^ the measurement; zone 
sized to contain a volume of less thati about 1(4. of sample. 

127/ A method for determining a concentration of an aai^ 
method comprising the steps of: 

providing an electrochemical sensor, the sensor having one or rhore facing 
electrode pairs, each electrode pair comprising ai working electrode, a counter 
electrode, and a measurement zone between the working electrode and the counter 
electrode, the measurement zone having a vohraie of less than about 1 fiL, wherein 
the measureihent zones of the one or more electrode pairs have approximately equal 
volimies,:and wherein at least one of the electrode paire 
mediator on its working electrode; 

measuring acapacitance of at least one of the electrode pairs; 

calculating the volume of the measurement zone from the capacitance 
measurement; 

contacting the sample with the sensor; and 

determining the concentration of the analyte in the sample by coulometry. 

128. The method of claim 1 27, wherein the redox mediator is a non-leachable 
redox mediator. 
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1 29. A method of storing and packaging an analytical sensor comprising thcf steps 
of: 

packaging an analytical sensor in an atmosphere containing molecular 
oxygen, the sensor comprising an air-oxidizable redox mediator. 

130. The method of claim 129, wherein greater than 90% of the redox mediator is 
in an oxidized state after being stored for mbre than one m^nth. 

131. A method for determining a concentration of an analyte in a sample 
comprising the steps of: , 

. contacting the sample with an electrochemical srasoir, thesenisdir comprising 
a working electrode and a non-leadiable redox mediator on the working electrode, 
wherein the molar ampuht of redox mediator iii a reduced form prior to introduction 
of the sample is less than, on a stoichiometric basis, 5% of the expected molar 
amount of the analyte to be electrolyzed; 

electrolyzing less than about 1 [iL of sample; and 

detennining the concentration of the analyte in the sample by coulometry , 

132. A method of determining a concentration of ian analyte in a sample 
comprising the steps of: 

contacting the sample with an electrochemical sensor comprising a working 
electrode, a counter electrode, and a measurement zone bounded on at least two 
sides by the working and the counter electrodes, wherein the measurement zone is 
sized to contain less than about 1 pL of sample; and 

determining the concentration of the analyte in the sample by coulometry. 
• • ■ 

1 33. The electrochemical sensor of claim 5 1 , wherein the working electrode 
comprises a first arm and the counter electrode comprises a second aim, a portion of 
the first arm overlapping a portion of the second arm, the measurement zone 
comprising a region between the overlapping portions of the first and second arms. 
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134. The elixtrochemical sensor of claim 133, wherem 

length and the ovCTlapping pbrtion of the first aim has a width, wherein a ratio of the 
extra length of the first ami to the width of the overlapping portion of the first arm 
ranges from 0.1:1 to 50:1. 

1 35. The electrochemieal sensor of claim 1 34, wherein the ratio ranges from 1:1 
to 15:1, 

136. The electrochemical sensor of clami 134, wherein thefatio ranges from 4:1 
to 10:1. 

137. The electrochemical sensor of claim 133, whferein the first and second amis 
. intersect at an angle greater than 0 degrees. 

138. The electrochemical sensor of claim 74, wherein the sorbent material 
comprises a powdered material cUsposed on the working electrode. 

139.. The electrochemical sensor of claim 51, wherein the facing electrode pair 
comprises a base material having a recess and at least one of the working electrode 
and the counter eliectrode disposed in the recess^ 

i 40. The electrochemical sensor of claim 5 1 , further comprising a filler material 
disposed in the measurement zone to decrease a volume of the measurement zone 
available for the sample. 

141 . The electrochemical sensor of claim 140, Wherein the filler material is 
hydrophilic. 

1 42. The electrochemical sensor of claim 57, wherein the two or more facing 
electrode pairs comprises a first electrode pair responsive to a first analyte and a 
second electrode pair responsive to a second analyte. 
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143. The mdiodofclaim SSy wherein the sensor comprises 9t least two working 
electrodes, each working electrode having an associated 

144. The method ofclaim 143, whwein determining the concentration of the 
analyte comprises averaging measuremeats fipm the at least two working electrodes. 

145. The method ofclaim 144, wherein determining the concentration of ft^ 
analyte fiirther comprise eliminating nMasuremctots which exceed a threshold vahie. 

146 The method of claim 145, wherein determining the concentration of the 
analyte further comprises reayeraging the measurements vyithout the eliminated 
measurements. 



1/12 



PCT/US98/02652 



FIG. 1 




SUBSTrrUTE SHEET (RULE 26) 



wo 98/35225. 



2/12 



PCT/US98/a2652 




SUBSnrUTE sheet (ROLE 26) 



wo 98^5225 



3/12 




o 



ro 



SUBSTITUTE SHEET (RULE 26) 



wo 98/35225 



PCr/US98m2652 



4/12 




00 
CM 



SUBSTITUTE SHEET (RULE 26) 



W09805225 PCT/US9IMB652 

5/12 

FIG. 5 r— — — — -1 




SUBSTITUTE SHEET (RULE 26) 



W09805225 . P(nyUS98/»2652 



7/12 



400 



300- 



o 

200 

o 

O. : 



100 




• buffer 
o serum 



glucose (mM) 



RG. 7 

SUBSTITUTE SHEET (RULE 26) 



wo 98/35225 



8/12 



PCTAJSS«/«2fi52 




0 100 200 300 



Charge (uC) 



FIG. 8 



SUBSTITUTE SHEET (RULE 2Q 




SUBSTTTUTE SHEET (RULE 26) 




FIG. 10 

SUBSTTTUTE SHEET (RULE 26) 



PCTAJS9a/Q26SE 




wo 98/35225 PCT/US98/a2i52 



12/12 




FIG. 1 4B 



SUBSTTTUTE SHEET (RULE 26) 



INTERNATIONAL SEARCH REPORT 



MtetnMonal AppHcallon No 

PCT/US 98/02652 



IPC 6 601N27/327 C12Q1/00 



Accoidlng to.lhtemallonal PalonI Cla^lcallonllPC) of to bialh national daaslllcallon and lPC 



B. FIELDS SEARCHED 



MMmum docwnanlallon seaiehed (dassillcalion system lolow«<* by dassWcatlon synilx>b) 

IPC 6 C12Q GOIN 



Docunwntalton seardwd olhor than vMnunidoeumenlallanlo the exlenl thai such documents are induded fci the Relds seSKhed 



Eleclionic data base consuled diBing the MenwBonal search (name ot data ba^ ancK w 



C DOCUMENTS COMSIDEBED TO BE REtEVAMT 



Category ' 



CilaHonol document, with imticallon.' where appnptiale. ol the lelevanl passages 



RelevanltoelaimNo.. 



US 5 120 420 . A (NANKAI. SHIRO ET AL) 9 
June 1992 



see.column 3, line 5 - column 4, line 4 



1.33,51, 
:57,66, • 
74,77, . 
80.82. 
106,116, 
117,123, 
125,127, 
131,132 



m 



Funher documents are listed In irw continuation of box C. 



ID 



Patorrt fami>y members aro fetod in annex. 



* Special categories ot cited documents : 

"A' document dotining the general state of the art which b not 

considered to t)e ol particular retevanca 
"E" eaitier document but pubtlshod on or after the internatiorKil 

tiBng date . 

"L" document whrch may throw doubts on priority claim(5> or 
wNch is citod to establish trie pii}Mcalk>ndate of another 
citation or other special reason (as specified) 

"^O" document referring to an oral discfosuro; use. exttibition or 
other means 

"P* document published prior to the international fiBng date but 
later than the priority date clahned 



T' later docunienl published alter the international filing date 
or prioiity dale and not In conffiet with the appftcation but 
ciied to understand the pdrKf)le or theory underlying the 
invention 

-X* document of particular relevance; the claimed inversion 
cannot be considered novel or caanrxrtbe con»dere<l to 
invbhf e an inventive step urtien the documem to taken alone 

"Y" document of pailicutar relavarKe; the claimed Invention 

canrxjl be corrsidered to invoh»e an inveritive step when the 
document is combirwd with one or mwe other such docu' 
ments, such corrtjination being obvious to a person skflled 
in the art. 

**&* document member of the same patent family 



Date of the actual completion of theinternationat search 



22 June 1998 



Date of mailing of the international search report 



07/07/1998 



Name and mailing address of the ISA 

European Potent Onico. P.B. S818 Patenllaan 2 
h«. - 2280 HV Rijswijk 
Tel. {+31 -70) 340-2040. T*. 31 651 epo nl. 

Fax: 1^^31-70) 340-3016 



Authorized officer 



Moreno, C 



Fom* PCryiSAyZIO (5«co#k] srw«l) (July 1992) 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 



[ tq.(Conllniialli>n) DOCUMENTS CONSIDERED TO BE RELEVAWt" 



MernaUonal AppHcaUonNo 

PCT/US 98/02652 



ol ddcuminl. wth indkanoawhere appropiiale. ot Ih* retwanl passages 



WO 95 02817 A (LION LAB PLC iCRIDDLE 
WILLIAM JAMES (GB): HANSEN NEILS RICHARD 
STE) 26 January 1995 



see the whole document 

1988 ^ ^^^^^ RAMOT). 12 October 



see the whole. document 

^^^^^ * (WALLACE & TIERNAN LTD 
;BONNICK DAVID MACDONALD (GB)i DENNISON 
STEP) 18 May 1995 



see the whole document 

US 5 130 009 A (MARSONER HERMANN ET AL) 
.14 July 1992 



see the whole document 

C, W. ANDERSON ET. AL: "A small volume 

thin-layer spectroelectrochemical cell for 

the study of biological components." 

ANALYTICAL BIOCHEMISTRY, 

vol. 93. no. 2, 1979. 

pages 366-372, XP002068329 . 

see the whole document 



RetevamioclaimNA.. 



1.33,51, 

57,66, 

74.77:, 

80,82, 

106,116, 

117.123, 

125,127, 

131,132 



1.33,51, 

57,66, 

74,77, 

80,82, 

106,116, 

117,123, 

125,127,. 

131,132 



1,33.51, 

57,66, 

74.77. 

80,82, 

106.116, 

117,123, 

125,127, 

131,132 



1.33,51, 

57,66,. 

74,77. 

80.82. 

106.116. 

117.123, 

125.127 , 

131,132 



FoiTn PCT/ISA/210 (cominuaiion ol second she*i) fjuiy t9S?) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

' Intonnsrtlon on fMtent fsfnlly mmibcfs 



IntDTiuitlonai Appllcalton No 

PCT/US 98/02652 



Patent document 
dted in searcti report 



Publication 



Patent family 
memt>er(s) 



Pubfication 
date 



us 5120420 


A 09-66:-1992 


OP 


1253648 A 


09-10-1939 






JP 


2502665 B 


29-05-1996 






OP 


2062952 A 


02-03-1990 






JP 


2502666 B 


29-05-1996 






JP 


1291153 A 


22-11-1989 






JP 


1932654 C 


26-05-1995 






JP 


6058338 B 


03-08-1994 






DE 


68924026 D 


05-10-1995 






DE 


68924026 T 


21-03-1996 






EP: 


0359831 A 


28-03-1990 






WO 


8909397 A 


05-10-198? 

-~ 


WO 9502817 . 


A . 26-01-1995 


AU 


684090 B 


04-12-1997 






AU 


7128794 A 


13-02-1995 






rp 

tr 










us . 


5738773 A 


14-04-1998 


EP 0286084 


A 12-10-1988 


AT 


108201 T 


15-07-1994 




All 

AU 










AU 


1442088 A 


13-10-1988 




• 


CA 


1312650 A 


12-01-1993 






. DE 


3850515 D. 


11-08-1994 






. DE 


3850515 T 


15-12-1994 






JP 


1038646 A 


08-02-1989 






US 


.5149629 A 


22-09-1992 






ZA 


8802369 A 


23-09-1988 


MO 9513534 


A . 18-05-1995 


AU 


8111994 A 


29-05-1995 






IP 


0728305 A 


28-08-1996 






6B 


2298047 A.B 


21-08-1996 


US 5130009 


A 14-07-1992 


AT 


392847 B 


25-06-^1991 




EP 


0385964 A 


05-09-1990 






JP 


2060778 C 


10-06-1996 






JP 


2232554 A . 


14-09-1990 






JP 


7081984 B 


06-09-1995 



Fwm PCrASA/710 <pDl«rt iMr»/ anoen) {-Mf 1992) 



